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@ Preface et
i
This study is intended to add to the available technology for the :,.:
"y,
\J
modeling of electromagnetic scattering from random rough surfaces. Two ::-:
ol
primary contributions are made in this thesis. First, a true joint

‘.a;.

&
exponential probability density function is introduced as a new model for r:",
'. \l
rough surface representation and it’s electromegnetic scattering '.":'.'.
DY

properties are studied. Second, a digital technique is developed to =
'y,
generate rough surfaces using only marginal density functions. The : .;
. . . ‘0:;;
electromagnetic scattering properties of these surfaces are then ::.o
il
found using standard scattering prediction techniques. -
it
As usual with this type of effort, no one person can take full “
credit. A great deal of the credit must go my advisor, Dr. Vital Pyati, i::{
1
e’ who derived the true exponential pdf used in this thesis and whose Ca
0...
Jix]
assistance at several key points in the development of this thesis was l'::;

S
o
critical. A very special thanks goes to Lt Col Wm. Baker without .::‘_
whom this thesis might never have gotten past the point of being just an .,
I\. (]

assembly of mathematical problems with no solutions. Additionally I )K
n"

Pyl
would like to thank Dr. Robert J. Papa of RADC, one of the recognized .,
LY
authorities in the field of rough surface scattering, for lending his o
"’t‘
't
valued assistance. I also thank Mr. Jim Common of AFWAL/AAWP-3 for his "
b
L%
assistance with the Radar Cross Section prediction code, Dr. Peter S. o ____I '}

cn For
Maybeck, and all the rest of the AFIT faculty. Finally, I would like to ;.1 =~ | b
< T \':\
thank John, Pam and the rest of the outstanding staff of the AFIT . RN
| 5.0 o ool )
Library for their excellent support. — - - .,'i
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Abstract

The purpose of this investigation is to extend the capability of
statistical modeling for the problem of electromagnetic scattering by
random rough surfaces. A majority of prior studies considered the well
known Gaussian joint probability density function (pdf), partly because
of its mathematical convenience. About 25 years ago, a second'pdf
called exponentialg;ype was introduced and has since been used by
several workers in the field. In this thesis it is shown that this
exponential-type pdf fails to meet an essential statisticai requirement.
To remedy this situation, an exponential pdf that satisfies all the
statistical requirements is derived. The scattering properties of
surfaces modeled by this new exponential pdf are then formulated.

In the second part of this thesis a user-oriented computer program
is developed to create random surfaces whose statistical description is
at the will of the user requiring only the input of a monovariate pdf.
By using this program, the average radar cross sectfon properties of
surfaces modeled by the Gaussian and exponential pdf’'s are investigated
further. Finally, applications of the work completed in this thesis to

problems needing further investigation are outlined.
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ELECTROMAGNETIC SCATTERING BY AN EXPONENTIALLY !
DISTRIBUTED ROUGH SURFACE WITH THE INTRODUCTION .

OF A ROUGH SURFACE GENERATION TECHNIQUE ‘.

I. Introduction %J

1. Background Y
The theory of scattering of electromagnetic waves from rough N
surfaces has many applications. Among these are effects of roughness
upon the reflectance of optical devices [21), the effects of rough "
terrain and multipath propagation on radar system performance [14] and o

‘i; the remote sensing of surface roughness parameters [25], [8]. The

ability to predict and control the rough surface scattering phenomena is

W

dependent upon ones ability to accurately model the rough surfaces

Ly
t

themselves.

Extensive research has gone into rough surface scattering theory

2

T

A

where the rough surface is modeled by a joint probability density
function (jpdf). In these models the surface heights are random

variables. However, the research has been limited to the use of only

-
ARk

e,

two types of joint densities as rough surface models. In addition, one

1
[}

of these two jpdf’s has characteristics which make its use as a surface

>

model inappropriate. Therefore, development of scattering properties of ;:‘

surfaces with different jpdf representation as well as a better overall g&

understanding of rough surface scattering is desirable. ;
N =
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Qﬁﬁ As noted by Pyati, for a joint probability density function to

properly represent a surface, it must not only satisfy the statistical
properties required of a second order jpdf but it also must satisfy any
additional conditions imposed by the physics of the problem (1:3).
Clearly, two such physical conditions should be that:
(1) As the distance between any two points (r) on the
surface goes to infinity, the heights, Cl and Cz’ at
the two points should be statistically independent.
(2) As the distance between any two points on the surface
goes to zero, the probability that the two points are
equal in height should go to one.
The two jpdf’s that are commonly used in the current literature to

represent random rough surfaces are the joint Gaussian pdf (Eq (1))

. 1 g} - 20 ¢, plr) + &,
P (&s6,50) = 1,2 P~ 1
2nn?[ 1 = 0% (m)) 2h‘[1—02(r)J
(1)
<1 ~ surface heights at points (xl,yl) and (%,1¥,)

p(r) = the correlation function

3 . )
h™ = variance of (12

&K
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ﬂgh . and the joint exponential-type pdf (Eq (2)).

3

ET .
P, (§,,8,5r) = 172
Znh[ 1 - Dz(r)]

1/2

2 ., L2
£, — 26,8, p(r) + L)

] §h2[1 - Dz(r)]

x exp —

(2)

The joint Gaussian pdf satisfies conditions (1) and (2) and is a valid
Jpdf for representing rough surfaces. The exponential-type jpdf fails
1r: to satisfy condition 1, some consequences of which will be shown in this

thesis, and may therefore not be valid for rough surface representation.

w
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Pyati has derived the following true exponential joint probability

B

density function that satisfies both of the physical conditions given

above [17:8]:

E
P, (,,%,ir) = expy -

[4h2 (l—pz)] h (1_92)

20( 15| 1¢,1)'7?

<1 + (8/7°) san(&,) sgn(g,)
h (1-0%)
s o}
. 20( {2, | 15,1)*77
g IZnﬂ
(-": (2n + 1) h (1-0%)

(3)

where

I = nLh order modified bessel function of the first kind

n

sgn(x) = the sign of x or zero if x = zero.

The scattering properties of surfaces modeled by the above exponential
Jpdf will be studied here.

In addition to the lack of density functions to use as models,
there has heretofore never been presented a method by which the the
predicted scattering from the existing models could be checked against
the scattering from real surfaces that meet the statistics. This thesis

S

o will address this problem.
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@‘ 2. Statement of the Problem

The problem is divided into two primary parts. Part A will involve

sa_ e ow

the prediction of the average RCS per unit area of a surface represented

by Pyati's exponential jpdf using somewhat traditional rough

surface scattering theory. Part B involves the development of an

g [

entirely new approach to the prediction of rough surface scattering for

surfaces represented by probability density functions.

I 3. Assumptions and Limitations

Dy (1)

iy (2)

" (3)

(4)

" .

™,

e
. )
!

h . . .. -
RO SRS Tt AN R AN

The following assumptions will be made in this thesis:

The radii of curvature of the surface irregularities are large
with respect to a wavelength. This restriction permits one to
use the physical optics method to solve the electromagnetic
integral equations introduced in the next chapter.

Multiple scattering and shadowing will be ignored.The effects
of shadowing are being accounted for in another thesis by Reif
{19] concurrent with this one.

The surfaces will be assumed to be perfect conductors.

The correlation length € is assumed to be much less than the
either dimension of the surface. For instance, if the surface
is chosen to be a rectangle with transverse dimensions of Lx
and Ly, € « Lx, Ly. This condition makes certain that the
scattering is a result of the ensemble surface roughness
rather than from a statistically small portion of the surface

that may not be representative of the surface as a whole.
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(5) The Gaussian correlation coefficient model, 'i'.:'
@" A
- 2 . . . )
P(r) = exp l-rz/f ], will be used be used to maintain -
i';'
consistency with previous calculations based upon ":
W
Eqs (1) and (2), [20:721] thus allowing direct :3}:
h'.'
comparisons of the results.
KA
Y
4. Approach o
»
\
For Part A of the analysis a general solution for the average RCS e
per unit area of rough surfaces represented by joint probability density ; '.
F)
l~
functions is formulated from the Stratton-Chu integral equation for :
by
v
electromagnetic scattering. The general solution arrived at is that ."f
which was previously obtained by Beckmann [5]. The general solution is :'.-'
then applied to Pyati's exponential jpdf and the results are compared to :"
f those for Gaussian and exponential-type surfaces. .
4
In Part B, a technique is developed that allows the creation of ";
X
correlated rough surfaces from the one dimensional marginal pdf of the '{
+ f
surface heights. This technique is then used to create rough surfaces ol
that obey Gaussian and exponential statistics. The physical optics :: N
R
radar cross sections of these surfaces is then calculated using a §:
o,
el
"
standard RCS prediction software package. These results are then :“‘
compared to the predictions in Part A. W'
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5. Support

The only support required for Part A is an IBM™ personal computer
system and associated software, all of which are the personal property
of the author. The RCS prediction package required for Part B is owned
by AFWAL/AAWP-3 and is hosted on their VAX 11/785. A personal copy of

this code along with access to the VAX was provided by AFWAL/AAWP-3.
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In this section two equations for the average RCS per unit area of
random rough surfaces will be derived. The deribation of each equation
involves assumptions and approximation that will be pointed out as
they occur.

1. Stratton-Chu and Helmholtz Equations

A starting point for discussions of electromagnetic scattering
theory is the set of equations known as the Stratton-Chu integral

equations (Eqs (4) and (5)) {23:466].

T (D' - T "‘Y 1 N
E(P') = 13 fv[awﬁk_lv-i Ve + < pV'r] dv

- 4—11:— & {J‘*’“(;l“ﬁ Jv + (;1“ E)x Vp+ [;'E]Vw}ds (4)
S

- —K - ¥
H(P’) = 1 f [J‘-)Cl v-J ‘Ww%n VU‘J dv
v

F
3

b — f {.J’«’C(;1~E]w-(;1-f§]f7w-[;'E]Vw}ds (3)
S

The above equations were derived by applying the vector analog of
Green's theorem to Maxwell's field equations [23:464,465]). The lett
side of the equations represent the complex electric and magnetic tield

vectors at a point P' located within the closed volume ot the first
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integral of either equation. The closed surface of the second integral
is that surface which encloses the volume of the first integral. Within
the context of these equations, P is the charge density within the
closed volume and J represents any current sources within the volume.
The operator (%) indicates that the complex conjugate of the quantity is
to be used. The E’s and H’'s within the second integral of Egqs (4) and
(5) represent the total electric and magnetic fields at the interior
surface of the volume. The symbol ¥ is the free-space Green's function.

This scenario is depicted in Fig. 1.

Fig. 1. Geometry Associated with the Stratton-Chu Equations
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The geometry of the rough surface scattering problem to be worked in

this thesais is that of an open surface, Fig. (2).

Fig. 2. Rough Surface Geometry

The Stratton-Chu equations can be simplified somewhat since the
environment surrounding the target can be assumed to be source free..
This may seem to be a contradiction since there must obviously be some
source of the original electromagnetic fields that are to be scattered by
This contradiction is resolved by realizing that when the RCS

the target.

of a target is being considered, only those fields scattered from the
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Certainly

target in the direction of the receiver are of any concern.

there may be additional fields at the observation point P’. But, if

they are not traveling along a vector in a direction from the target, or

are not a result of the scattering of the transmitted wave from the

With this simplification then, the

target, they may be set to zero.

Stratton-Chu equations can be written without the first integral of each

equation.

|
|H

(tri(

Jp+ (nxE) xVv+ (n-

Jao] |
[ea]}

E(P")

: J
)Vw}ds (6) ¥

= §S{jwu[; %

S
T,

"
o]
rdid

itr1|

Jp- (nxH) %79 (n-

)Vw}ds (7)

F 29

H(P') = + :‘ }’ {J“’C(n<
S

Xy By Sy o

Although the scattering geometry of the rough surfaces under study

X K Y g

do not coincide with the geometry for which the Stratton-~Chu equations

"Ll

-
-

were derived these equations can still be used if one simply considers

the rough surface to be a porticn of a closed surface (Fig. (3)).

r e

Electromagnetic fields will be present at the rough surface but will be

'y

.

o

set to zero over the remainder of the imaginary closed surface. Setting

the fields outside of the rough surface equal to zero causes the

tangential fields over the entire closed surface to be discontinuous.

S 5

Stratton shows [23:168-1470) that the discontinuity can be accounted for

3

by the addition of a line integral around the contour of the open

surface. With this addition the Stratton-Chu equations are given by Eqs

R e

-
4

(8) and (9).

'v .: ‘; ... .

ol

PR o I T T T T O T T Th B JO T T T PR O TN N A AT O PR CE LI
-“’c s Wy % f LW *f{" " - . u,.,,._ \ K W A ‘&. i N ,‘., ~ LSO R TR TR T




Yol val Tal b t R Vo Mo val tap Tal dah el N of e 8 Vag ) g

r' 0
. E
L o
L) ,

" N
3 )
N :)

B
'h

\ D

LS .

W) .
X x

v, o

! by

o

1 ¢
o

W A
~ H

l. ,

Fig. 3. Modified Stratton-Chu Scattering Geometry
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Y H(P') =+ 15 'f{JGC(n‘EJw- (n<xH)*%-(n-H)7»tds ‘

o 13 g

4 |
d 1 1 = = ;

\ - —_ ==} 7 . 4

jou I w }C w[ E dl ] (9)

A .'\'\‘ \
Y 3
£ *
* 12 L}

5 T3

By X

! =y Ry R R - R SRRV LY iy Sy N I L I A R I M R I P 3, - T R T
S & e L A T e e e e L (U TR 2 2 TR T ol Al o S ¥ Lo S £ L LD T L)

(3 A a1 N ¥ ». V0¥



o 1% 4% 47 82 0 42 A% 872 9'2 8%x 42 8'2 6%2 8'2 %2 0% 8’2 42 §'0.8°2 62 6’2 6’2 8% '8 6%a. b & €% 10 €'2. 4" 0.8 0 ¢ 0t 0 b ot dad 0.0'e §'a b at 4. ¢ 8ot 2al BY &s 2o R O
4

] $:‘
' e
K % These equations can be transformed into yet another form [23:369]: e,
1 by :"
) _ a3 Y 5] E 1 Lo
4"E(P’)=-[[E—'—A-w—:]ds-iw£ Vw[H-dl] B!
Rt R d n 3 n c W
\ )
' - _ X
. + % » [E X dl] (10) -
' c Ryt
3
; _9w 3 H L o o
' 4"H(P’)=-J[H—:—- -IP—A—}ds—. fvw[g'dl]
s n n c -
A v
: = = ;
. + » |H x dl (1) e
L] C L
K "
B o4
The first and last integrals of each equation come from Eqs (8) and (9) w:
. K
by applying Green's theorem relating surface integrals to line {-
3!
‘J: integrals. The second integral is of course the added term for the edge .
scattering effects. The first integrals of Egqs (10) and (11) ]
_ _9w 3 E - -
. 4"E(P’)=-J [E——T -y —= Jas (12)
a n a n 94 3
: iy
» b
» W :
) — .
3 _ _ a3 p 3 Ij ]
4"&_{(P’)=—j{§——:-w——:}ds {13) '
: on  on A
k) O
l. l‘
i\ are known as the Helmholtz Integral equations. The Helmholtz equations '.:"
1 .l.
: 1)
are exact for source free closed surfaces. B
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:'. -~ 2. Approximations

L

By 2@

N Exact solutions to the equations of the previous section have not

‘o q
;:' \ been found except in very limited cases. 1In general, any solution to

i
% ) these electromagnetic scattering equations is facilitated by the
K]
: imposition of one or more apprcoximations. This subsection discusses

.
o several approximations that will be made in this thesis. .
A _
O
1" 2.1 Far Field Approximation and Plane Waves
K If one only considers observation points (P’s) that are very far

\ Al
e from the scattering surface several simplifications can be made. The !

v
L
i, ¥
."\f first simplification is that the incident fields at the surface may be
‘" considered plane waves. This will be useful when the physical optics

S
:-:: approximation is made and the angle of incidence at each point along ‘
' P the surface needs to be known. If the incident fields are not

L

‘wj considered to be planar, determining this angle of incidence becomes a
..:.‘ 4
;.': significant problem. '
o,

~

?"t.- The incident planar electric field can be written .

!

N :
b 1 A e ~
i, T - T 3 _—-_ - -
o E = - exp[ Jjlwt-k r)] [Ex.\+ Ey}+ Ezz] (14)
XS 4R
TAx »

L)

:.' Because the field quantity is only the real part of Eq (14), the sign of

’,

o, L . L . .
L, the remaining complex exponential term is inconsequential. Since the
<M time dependence of the fields is henceforth going to be suppressed, the '
R,
b ": A
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negative sign will be used. This will make the remaining term in the
exponential positive. The complex electric and magnetic fields can now
be written:

exp(jK°T) ; H =
AnR 4mR

it
1]

Another important result of the far field approximation is that
terms containing higher orders of 1/R may be neglected. Letting 7 be a
unit vector directed from a point on the scattering surface to the

observation point P’

> _ R
n= 5 (16)
the following approximations that will prove useful may also be
obtained [2:19].
exp(ijo—jkn';)
p o= ) (17)
o
Lim, o Vv = Lim, o [% -jk]w n = [—jk}w n (18)
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2.2 The Physical Optics Approximation

The Stratton-Chu and Helmholtz equations are of a family called
integral equations. That is, the term on the left of each equation is
equal to the integral of some function of itself. This is easier seen by

expanding the expressions for the fields along the interior surfaces as

E (x,y,2) E(x,y,2) + E(x,y,2)
total scattered incident

H (x,7,2) H(x,y,2) + Hix,y,2)

total scattered incident
sur
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e, while noting that the left side of each equation is
"

. E (x,y,2) or H (x,¥,2)

scattered scattered

) P’ P’

In general, integral equations of this type are not easily solved. In
fact, closed form solutions of the scattering integrals have been found
, for only a few simple geometries such as spheres and infinite
cylinders (The solutions for these shapes is facilitated by the fact that
\ their geometries are specified by a single coordinate of an orthogonal
K coordinate systems). Therefore, several approximate solution methods to
the scattering problem have been formulated. One such approximaticn is
called physical optics. The physical optics concept is to approx.mate
the fields at the surface by some function of the incident fields only.
‘i‘ Thus, the integral scattering equations become definite integrals.

The most common physical optics approximation is the tangent plane

a e m A &

approximation where the fields at each point on the surface are set
equal to that field which would be present at the point if the surface

were an infinite plane tangent to that point. "Then the incident field

at every point on the surface may be broken up into components, Ef in

La
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qg? the plane of incidence, and Ei . normal to the plane of incidence. The
scattered field given by each of these incident field components is then

given by" [20:53])

E’=R E ' (23)
i ~ T 4

"spec =3 _ “i . Tl

k <E =R (ko. E, ) (24)

where k'F°°° is a unit vector in the specular direction of scattering

and [5:21)]

cos 91 - J Y2 - sin29i
R = (25)

cos 6 J Y - sin 9i

+

Y2 cos O J Y2 - si.nze,1
R = (26)

2
Y% cos 6 {Y? - sin o

+

In the above equations Y is the intrinsic admittance of the reflecting
medium, 91 is the incident angle with respect to the surface normal, and
the propagating medium is taken to be free space.

The tangent plane approximation is valid only when the radius of
curvature at points along the surface are much greater than the
wavelength of the incident fields thus limiting the effects of the phase

shift caused by non-flat surfaces. This will not be discussed in detail
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X
i
{;
R
o,
iﬁa since there are many fine references that cover physical optics Q\
&
[20:55-59], [10:119-130] and ([14:454-458]. The important consequence of s
Y
this fact is that only rough surfaces with no sharp peaks or valleys Q
o* )
will be covered in the pursuing calculations. The Gaussian correlation N
]
coefficient used in this thesis forces surfaces to meet this criteria as B,
Xy
long as the wavelength is kept small compared to a correlation length. W
§§
2.3 The Infinite Conductivity Approximation J;
For any surface for which z is not constant (see Fig. 2) the %h
o U
normal to the surface is a function of x and y. This will make the h)
Y
plane of incidence and angle of incidence a function of x and y. This 'E
in turn complicates the determination of the local reflection >
x
coefficients. A common practice which reduces this complication is to ;ﬁ
CNJ
~
‘r‘ assume that the scatterer is a perfect conductor so that the admittances g
4 )
in Egqs (25) and (26) go to infinity and thus sz -1 and R“ = +1 . The K
A
scattered electric and magnetic fields are then given by the $§
l"'
relationships e
.
w
— i 6
E scat - _ E 1 (27) \:
= L = 4L | %
N
N0
)
“spec —= scat ~i i Y

- k' <E° (28) Ve
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'l
.l
' v
o
N &
N This results in the total fields at the surface being given by h
P & ¢
L ."
i 12
:. -~ — - — - ‘“‘
:’: n<E surf =nx (E i = scat ) =20 (29) .:'
‘ i
7?( - - ::
n ¥ H = 2n x H . (30) A
. surf i
4 *,
X )
b N
R . o . o
X This simplifies the problem in that the angle of incidence dependence of 4
ﬂ. N
the surface fields is removed. The dependence on the normal to the "
t‘ v
F surface at a given point remains. N
P K
L . S
" 3. Solution Ignoring Surface Slopes %
Y In this section an equation that gives the average RCS per unit B\
N area for a random rough surface will be developed by starting with Eqgs ji

{(8) and (9). Applying Stokes theorem to the line integrals one finds

a

) that {2:18]}:

s v e n

L

v _z

(} ~
' .}w[g-dﬂz {-[(nxij)-v]-wz(n-’g)}wds (31)
N c Js 3
l.’ WY
‘
: - _ . -~ _ 4
" } V®[§ . dl] = { -[tn<E )V ] -jo{ n *+ H )} Vo ds (32) :
! c ’e 2
o .
»
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By substituting Eqs (17), (19) and (20) into Egs (31) and (321,

substituting these results into Egs (8) and (39) one can write [2:21]

. JkR " R R A . . ) ”_—
E (P’) =J£Jfll—ne?_ J { (n¥H) - n*(n¥H)n = ¥ (nfg)’n}e ML 4e033)
)

while Eq (9) effectively becomes

JkR ) -
~jkn*r
e

L JwE

H (P’) = TR L{ (n¥E) - ;r(;wE);; -z (;*E)*;J} ds(34)

where Z and Y are the intrinsic impedance and admittance of the
propagating medium. Using the infinite conductivity identity that the

tangential component of the surface electric field is zero and that

-~ ~

n<H=2nxH i, these equations become
jou el R S i O S "N T
— B § — - . .
E(P’)=L—2ne—R-J{(n"’f_{)—n‘(n'l_il)n}eJ T ds (33
S
.. _JkR . . =
T pry = _oke i T -jkn*r R
H (P = —2 %% L{(ng) TI}e ds (36)

Since either the electric fields or the magnetic fields at the
observation point may be used to determine the RUS of the scattering

surface, Eq (36), being the simpler of the two, will be used.
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@ Recalling that # is the unit vector originating at a point on the p
Y

iy

surface and in the direction of the observation point P', the far field f
.

condition gives that this vector will be constant over the surface of ':J
integration. Therefore this cross product will be taken outside of the .
.

integrand using the relationship that I -B=-B - A. Also, using the

rectangular coordinate system with the height of the surface above the ;:
P

‘{-&

z=0 plane be given by the random variable ((x,y), the following 35
identities can be written: p
3

’

)
. o . ‘ﬁ

ac ac¢ >

A~ TR X Ty v otz
n = - < (37) -

_—
—
Q)'Q)
w o~
—
5]
+
.
Qfw
e |~
| S
oo
+
—
R0 X

PRI
P

' N2 2
‘l ac] {ac}
ds = dx —_—
dy [8:< + 3y + 1 (38)

XN
"""",s .

Substitution of Eqs (37) and (38) into Eq (36) results in [2:33]

1)
-
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. JkR»\ s a -~ — A — - — _.A.—
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At this point the approximation that the slope terms are

very small will be applied reducing Eq (39) to

.. JkR - _ =
H(P’):-——l“i——nx[{zxn‘}e””rdxdy (10)
S

H'= B ¢ (41)

where the polarization and time dependence of the field are contained in
i
)

then be written [2:41]

and r is given by r = x x + y y + {(x,v) z. The magnetic field can

[fof]

., JkR R It S
lj(P'):—-—"zl};LR-—n‘{z’ﬂ;} {eJ(k KPUT g dy (42)
S

Restricting the derivation to the case of backscatter where k is equal

to -kn and thus ki equals -7, Eq (42) becomes

— .keJkR ~, - —i 1 ) 2,);1';
H (P} = — —%;—?{—— k- { z ~ H_ f e dx dy (43)
s
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By breaking k' up into its x,.y , and z components and performing the

égs

dot product one arrives at

x J exp[ 25 kyx + Ky + k:'((x,y)]] dx dy (44)
S

The cross product can be easily performed for the case of

backscatter by using the triple cross product identity [22:17]
Ax (BxC)=(AC)B~ (AB)C (45)

resulting in

N A S T 1)

Since on is orthogonal to k' the first dot product is zero. The second

dot product is simply the projection of the incident wave vector upon

the z axis. Therefore, Eq (46) reduces to

K { z < H } = -k El = cos(9 ) El (47
(o] z (o] 1 Q
and Eq (44) becomes
—_ N 'keJkR o ' ’ . . 1 R ' . .
H (P') = —2——2,1 = cos(6 )H_ xp| 2] [kx.\ +koy kzL(.\,y)].d‘\ dy(48)
are
I:,‘
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Equation (48) is easily checked for validity by setting the

random surface height variable equal to zero. With this substitution,
the surface slopes are exactly zero and so Eq (48) should give the
physical optics solution for a flat plate. Direct integration of Eg

(18) with U(x,y)=0 and the application of the RCS formula given by

anr¢|H(p?) |52
CRCS> = : (19)

results in the RCS being

2

£ cos?(0) 2 1? sinc’(k L ) sinc’(k L) (50)
x ¥ Yy X x

Equation (50) is the physical optics solution for the RCS of an
infinitely conducting flat plate with sides L and Ly {10:121}.
The next step then is to take the average of Eq (48) with respect

to the random variable {(x,y).

exp[Zj[kix-+kiy)]<exp(2jki()>dx dy
{31)

The solution above gives the expected value of E(P’). This value is

relatively meaningless for very rough surfaces because the magnetic

field is a complex quantity. The large variations in phase caused by the

rough surface will cause the phase of this term to vary wildly. Therefore
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(W
3
@ <H(P')> gives little information about <|H(P')|> which is the contributor '
. LR
) l'
in incoherent measurement systems. To clarify this a simple example A

will be given. o

¥
The expected value of a complex number is written as .:
NI
— — — ~ "'

CH(P')> = <Re H(P’)> + j<Im H{(P')> A
N
N

N

Table I shows what misleading things can happen in the extreme

case of 180° phase variation

TABLE I

Comparison of the Average of a Complex Quantity

S R

NS

Py

with the Average of its Magnitude

[ RN
y;

.

‘.; Re H(P’) Im H(P') <Re H(P')> <Im§(9’)>[ C|H(P') |>

1 -1 0 0 7
-1 1

e

AL

o

x

With this in mind, its obvious that in order to find the average RCS of

A
S

the surface, Eq (49) one must solve for <]E(P’)l>2.
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3}) The expected magnitude of the magnetic field at P’, <|H(&’) [>2, can
t

- d
be written <H(P’}H(P') >, Multiplying Eq (51) by it’s complex

conjugate results in

2 2 .
ﬂ(P))B(PI)* :LM— :-01!2

: an’R?

. i Y :
N X Lexp [23 [kx.x + kyy]] exp(2jk_€) dx dy

x [ exp [-2.)' [kix’+ kiy’]] exp(—2jk;f,’) dx’ dy’
s b

X ' (52)

By combining the two integrals and taking the average with respect to
the random surface heights, the expected value of the magnitude of the

“: scattered magnetic field can be written

2 2
N .
g CH(P’)H{P’) > - k cos (6) |H 1‘2

an®g?

< { J exp[Zj [ki(x—x') + k;(y—.v’)]} <exp(2.jkiz('€—'f,’))> dx dy dx’'dy’
|)S

(53)

- e

<
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Qﬁ: At this time a substitution will be made for the sake of shorthand
and also to match more closely the notation of the common literature on
this subject [5], [20]and [16]. The following parameters are defined

and simplified for the case of backscatter

vz 2k’ = k(sin(6, )-sin(6_)cos(¢_)) = 2k sin(6) (54)
X xX 1 S S

v.z 2k’ = k(-sin(6 )sin(®_)) = 0 (55)
Y Yy 1 S

v =2k = k(-cos(6 )+cos(6_)) = -2k cos(8) (56)
z 1 s

With this notation Eq (53) becomes

2 2
<iE(P')I>2 . k cos” (6) l

&" 4"2R2 ~o

Lx/72 Lys2

il2

[ J J Jexp[j(vx(x—x’)+vy(y~y’)]]<exp(jszG{’))>dxdydx'dy’

-Lx/2 -Ly/2

Here vy has been left in for the time being although it is equal to

zero for the case of backscatter. The inclusion of the limits of
integration indicate that each surface integral is to be integrated over
a rectangle that is Lx by Ly. It will be seen later that the shape and
size of the surface is inconsequential so long as it is many correlation

lengths in the x and y directions.
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%38 The averaged term within the integrand, <exp(jvi(C-C’))>, is by
definition the joint characteristic function of the pdf evaluated for v,
and -v, [7:428] and will be denoted by I(vz,-vz;r). It is the two
dimensional fourier transform of the joint pdf and is a function of the
correlation coefficient which is itself a function of the distance

between the two points (x,y) and (x’,y’) given by r.

Barrick ([2:45-18] shows the steps necessary to make a total

transformation of Eq (57) into a polar coordinate integral that can be

integrated over the characteristic function. First, define the distance-

between points as

r = (x-x') . r = (y-v') and r = sqrt( r2 + r2 ) (58)
x ¥ x Y
3‘1 Then
Lx/72 Ly/2 Lx/2-x" Ly/2-y’
2 2
- )~ i,2
<l b = Eees Bhg J J J [
4n"R
-Lx/2 =-Ly’/2 ~Lx/2-x" -Ly/2-Yy
exp[j(vxrx+vyr}]} v, ,-v_ir) dr dr dx'dy’ (59)

2
The polar coordinate r has already been defined as sqrt(r + ri ) so

all that remains 1s to define ¢ and the limits of integration. Since

o <
s
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o
'
o
\}
:E? neither of the data points (x,y) or (x',y') are as yet fixed, the easiest '::
{ }
way to define ¢ is as Barrick did [7:79]: .
'a
oS
x-x' = r cos(¢) and y-y'= r sin(¢) (60) N

This definition is especially facilitating since the left hand terms

44;

A
} 8

appear in the integrand. Transforming the limits of integration is not o
N
so trivial a task but is facilitated by the fact that for very rough :$
surfaces, the joint characteristic function goes to zero monotonically :%
within only a few surface correlation lengths. Reserving the E.
definitions of "very rough" and "a few correlation lengths” until the !h
analysis section where these terms are examined more closely, suffice it :;l
~

to say that this allows the finite surface to be expanded into an

v

T

ir‘ infinite surface without affecting the value of the integral.

t‘
>

Then

P ard
‘s& N

Lx72 Ly-r2

2 2 .
<Hpr) b7 = Koo LB g by [ [ e R
I~

-

4"2R2 ~o

-Lx/2 -Ly/2 -

21 ® "
J exp[j[vxr cos(®)+vyr sin(¢)]} ITVZ,-Vznﬁ dr d¢ (61) ’
0”0 R

ST AL,
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2

~
A
m The first integration is trivial resulting in g,':
%
- 2 k2c032<9) - 12 -
<|E(P’) |> 2 T Lx Ly |Ho l Al
Wt
4n°R .
P
o
an ® Sl
A
exp[J (vxr cos(¢)+vyr Sll’l(¢)]] x(v_,-v_;r) dr de (62) o
0" 0 ?"\ :
o
i
’
LW
Before proceeding the difference between coherent and diffuse E\
)
"
scattering must be understood. Coherent scattering is that portion of o
the scattered field that follows the same pattern as would the scattered '.'
"
. . ‘.-’
field if the surface were not rough. For the rectangular surfaces under ::
2
~)
consideration here, the coherent pattern is that given by Eq (50). As :’.\
{ud
‘_D; the surface gets progressively rougher, diffuse scattering will become i
N
more dominant. The diffuse scattering is the random scattering pattern *‘:.'.
o
. . “~
that tends to fill in the nulls of the coherent pattern and reduce the s
»
$°8.¢
power in the coherent lobes. A very rough surface is one which has [.
\-'. o
Y
only diffusely scattered power. :-:: \
&
- g
If a surface is not very rough and has a coherent component ::
f
~
remaining in the scattered field, the expansion of the surface to »
s
o]
infinite dimensions will cause the RCS to also go to infinity. This ;ﬁ"'
W
K
problem can be avoided if one subtracts out the coherent part of the oy
power within the integration. The coherent power can be eliminated by .
o™
_ - —x — —x . . '
subtracting < H > H > from the <H H >. This is equivalent to ..:::
LY
. . . . . Sy
subtracting the square of the one dimensional characteristic function ,-'_:
L}
. ’
- NGy
Ly o
g : ': )
¥
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from the joint (two dimensional) characteristic function. With this

modification and integrating over ¢ as shown by Beckmann [5:181-184]

©
JEP) | >2= k—c—"i—‘ﬁ’x, LIE 1 (rd odv +v ) [1-]dr (62)
on R Y © . 0] x ¥ 2 1

where t,= t(ve,-vz;r) and b= Il(vz) is the characteristic function of
the one dimensional marginal distribution which goes to zero as the
surface gets rougher and v, increases. This is easily comverted to a
radar cross section per unit area by dividing by the area of the surface

and employing Eq(49).

X

CRCS> = 2k’cos’ (6) J rJ (r v +v_) [t - ] dr (64)
0 X N 2 1
0

Recall that the above Eqs (63) and (64) give only the diffusely
scattered is power and are only valid for surfaces where the surface

slopes can be ignored.
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58& 4. Beckmann's Solution
Beckmann starts with the Helmholtz integral equation for the

electric field given by Eq (12) and repeated here [5:19]:

| ) o

Obviously, Beckmann has ignored the line integrals introduced by the
fact that the scatterer is not a closed surface . But, as stated by
Barrick states, these terms are small and proportional to sin(9; [2:14].
Therefore, Beckmann'’s solution should not suffer from this deficiency
at near normal incidence. As the angle of incidence increases, the
shadowing function, S{©), begins to dominate the solution, again making
the line integral terms inconsequential (see Reif [19]).

Continuing with the Beckmann’s derivation, the normal derivative of

any quantity is given by the relationship [22:62)

Using the 7v given by Eq (20) and the scalar quantities for the

electric fields Beckmann gives the following physical optics
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- -
) "
= -

"
N [}
! e relationships for the fields at the surface [5:20] -1
%
@ '
" [El = (1+R)E (67) by
[ ] .
¥ t:
. o E L %
s —=| = (1-R)E(jk * n) (68) b

3 n

; N
y ¥

¥
] where the R's are the Fresnel reflection coefficients. Substitution of 2

-

-
=N

these quantities into the Helmholtz equation results in

?.
+

) . - ™
: E(P) = E_ [(1+R) (-jK ¥ 1-R) (jk* ]-A ds (69) N
h = In ( (-Jk ¥) - ¥W1-R)(jk ) *°n ﬁ
[ g

-

) which in turn can be reduced to o
%

»

0 e g

o E' j e *F - 7 i = .

; E(P) = —Ig [(2R (k" *n)exp(2jk * T)]ds (70) RV
A
I3
=s_ —i 00

in the case of backscatter where k™= -k . X
' Beckmann does not state such, but Egs (67) and (68) hold only for E }t
P
where R=-1. For E” where R=+1, the field at the surface is not double the ;;

1 N
incident field as indicated by Eq (67) nor is the normal derivative of the b

.~

X field equal to zero as indicated by Eq (68). The equations only hold for 4
>
A the portion of E“ that is normal to the surface. For that portion of the :;
() ‘"
field that is parallel to the surface, the equations hold with R set to ¥

-1. Fortunately, when the scalar terms are added as they are in ﬁi

, Eq (63), the result is still Eq (70). e
_._':..-_ ':\
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f . Continuing with Beckmann’s derivation, Eq (68) is substituted into ';
’( g b t
- Eq (70) for the surface normal vector and Eq (38) is substituted in for =
v 1.

the differential surface. Also, the magnitude of the Fresnel reflection \

“ coefficient is replaced with unity for the case of perfect conductivity ¢

N o
" :
) yvielding
By [
3¢ 5
t 0
: By = Eod el Mg C oy (25K'* T) dxdy (71 5
: (P) = >R (k) (=8 x~=Cy+ 2z )exp(2jk * r)dxdy  (71) -
N 3
\
V. Instead of simply dropping the slope terms in Eq (71) Beckmann S:
) =9
: removes them by employing integration by parts legitimately. Expanding b’
the integral portion of Eq (80) it can be written as -
! o
o]
. ’ o ) ™
5 . I-= J[(-kax-— kyCy + kz) exp[(ZJ)(kxx + kyy + sz)] dxdy (72) ~
Co
y 7
t
., ¢
s For the case of backscatter where ky = 0, Eq (72) can be written as the o
. U
' \J
% sun of two integrals N
, ]
« LR
r.
] ’ ¢
- - A ,-
h I-= IJ( kax) exp[(ZJ)(kxx + sz)] dxdy "
5 4
\ *
+ J[(kz) exp[(ZJ)(kxx + sz)] dxdy (73) 1N
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Upon integrating the first integral by parts one gets

-k Lx/2
I-= J [(Tﬂ’:—z ) exp[(25)(k x + sz)]J dy

-Lxr2

k
+ ” (— ) exp[(2§) (kx + k ©)] dxdy

z

+ ”(kz) exp[(2§) (k x + k ¢)] dxdy (74)

Beckmann shows that the first integral represents an edge term and is

negligible [5:31]. Summing the second and third integrals one gets

k
I= ” (— + k) exp[(23)(k x + k O)] dxdy (75)

kx kx k k
( ” + kz) = | K + K )= 003(9)= k sec(9) (76)
z z z
Thus
.. i jkR
E(P) = iE%?ﬁfi_— sec(8) IJ exp[(2j)(kxx+kz£)] dxdy {(77)

Equations (77) and Eq (48) are practically identical in form except the

cos(6) term in Eq (48) is replaced by a sec(f) term and the magnetic field
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LSRR NS

is replaced by the electric field in Eq (77). Therefore, the same
procedures can be used to transform Eq (77) as were used to transform
Eq (48) into Eq (64) and the final result for the average RCS per unit

area is

bV

2k’sec’ (6) J rJ, (r o [
x

[o]

1

t

2 -
<RCS> ,ot 1 dr (78)
This result is the same as that of Beckmann [5:79] with the exception
that Beckmann's result is in terms of average reflectance. Beckmann’'s
solution is also true for the more general case of three dimensional
bistatic scattering [5:720]. Transforming Beckmann’s three dimensional

bistatic scattering with finite conductivity solution into RCS units one

gets

]

is a polarization scattering matrix whose elements are given

r
L

2 2 -
RCS> = |3, |° 2k ot ] dr (79)

rJirdv + v )
o} X y

[¢]

, 2
wherelihvf

in reference [5]}. For the case of backscatter and infinite

_ 2 2
conductivity, | 3 reduces to sec” (6).
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E? 5. Summary bﬂ
In this section two equations were derived to give the average

diffuse RCS per unit area from a random rough surface. The first b
solution , Eq (64), was found by making the assumption that the surface e
slopes were essentially zero. The second solution, Eq (78), was -

facilitated by the fact that the contour integrals around the outer edge ’ i
of the surface were set to zero. In comparing the Egs (64) and (78) it o
is clear that the only difference between them is that Eq (64) has a
cosine term where Eq (78) has a secant term. Thus at incident angles }5

very close to zero, these two solutions will give the same results. As

o

“J

will be seen in the next section, the diffuse backscatter from surfaces

O 2

with small surface slopes is concentrated within small angles of

YA

incidence and thus Eqs (64) and (78) will give essentially the same

& 2
"‘7 *y

‘r; results. As the slopes of the surfaces increase, the diffuse power is

backscatter is present over a larger range of incident angles where Egs 55!

(64) and (78) do not give the same results. Since Eq (78) is valid for tad

p;

these rougher surfaces as well as for the surfaces with small surface

Ay

[N 4
‘..-"

.

slopes, it will be the solution used throughout the remainder of this
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«
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thesis.
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III. ANALYSIS

This chapter is devoted to numerical computations and

interpretation of the results. The sections in this chapter consist of

Part A:
1) A comparison of the three pdf’s presented in
Chapter I with respect to their ability to represent
rough surfaces.
2) The calculation of the average RCS per unit area from a
surface rep.esented by the exponential pdf (Eq (3)) along
with a comparison of these results to those for the Gaussian
pdf and for the exponential-like pdf.

Part B:
3) The computer generation of surfaces meeting various

statistics.

1) The computed average RCS for the computer generated surfaces,

g
~
-t
13-

1. Three PDF's

In this section the three pdf’s presented in Chapter I will be
analyzed with respect to their ability to represent rough surfaces.
stated in Chapter I, two of the probability density functions, the

Gaussian and the exponential-type, have been used in the past by
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>
{&; workers studying the electromagnetic scattering from rough surfaces. Of oy
l these two pdf’s, it will be shown that only the Gaussian pdf can ;
E reasonably be expected to represent a realizable rough surface. ?a
3
; This author, along with others [4] defines a realizable R:
rough surface as one for which decorrelation of the surface height ":
random variables implies statistical independence. Some may argue that iJ
simply because the variables do not become independent does not infer ?;
'.
that either variable influences the other in a manner which precludes f
~]
the use of the pdf from representing logical surfaces. Rather than iﬁ
{
=
contest this argument the exact influence of one variable over the other Q
)
will be examined using conditional probabilities. Since the bivariate .
Y
Gaussian pdf is a well documented density which decorrelates into two o
rd
statistically independent monovariate Gaussian pdf’s, it will be loocked ;:
Y B
‘rb at first and used as the basis of comparison. -
<]
1.1 The Joint Gaussian pdf NS
\.
There are several ways of determining the statistical independence :’
of random variables in a multivariate pdf. A sufficient condition given E;
*
A9
by Davenport is that when the correlation coefficient is equal to t‘
Y
zero, the joint distribution can be written as a product of the marginal W
distributions [7:167]. Integrating the joint Gaussian pdf with respect Ef
e
s
to Cl it is found that the marginal distribution on (2 is :}‘
5
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Since the joint distribution is symmetric, ¢ can be substituted for ¢,
in the above equation to get the marginal distribution on Ll. Setting o

equal to zero in Eq (1)
G . _ G . G
P (6,,6,30) = p (L) p (L) (81)

thus establishing the fact that decorrelation implies statistical
independence given the joint Gaussian pdf.

Figure 1 illustrates the effect of the correlation coefficient
upon the joint Gaussian pdf. With p set to zero , Fig. 4a, one
simply gets the symmetric Gaussian curve which states that the
probability of Ciz z, and C2= z, is dependent only upon the magnitude of
(212+ z 2). When the points are closer together there is a dependence

2

between Cl and 62 such that the chance of z, being equal to z, is

increased while the probability that z, will differ significantly from z,

is decreased. This trend is shown in Figs. 1b and ic where o is
equal to .5 and .95 respectively. With £=.95 it is seen that the

probability that z = zzis very high as it should be since the points are
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very close to each other. When ©=1 the joint density function becomes :ﬁ?
v
)
51 € -6 ) p(g,) (82) :
172 Py A
A
>
o . . . !
indicating that the two random variables represent the same point [1]. )
n;
Another way to state statistical independence in the context of {:
e
surface height random variables is to say that the probability of a R
l-\
R
point (x,y¥) being at height z, 1s totally independent of the height of a )
:;.
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Fig. 4b. Joint Gaussian pdf with ©=.5
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point at (x’,y’) as long as the two points are separated by a great

distance. Using the definition of conditional probability [7:160]

(83)

where p(<1ltz) gives the probability of { based on a given ¢, and P, a
necessary condition for statistical independence can then be written as
P& |2, 50) = p(g)) (84)

Substituting the joint and marginal Gaussian pdf’s into Eq (83) gives

the conditional Gaussian density function

. 2
1 - (5, =P8 )
exp

2n(1-p%)

pF(Ellﬁz;P) =
2( 1—p )

which is graphed out in Fig. 5 for the same values of p as was the
Jjoint pdf.
With p=0 the relationship of Eq (85) is illustrated that the

probability of ‘Y is not a function of Cz. With ©=.5 the center of the

curve tends towards the <1: (2 line (it is actually at the Cx: 14

2

line) while the variance of the curve decreases. With p=.95 knowledge
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. 5a. Conditional Gaussian pdf, p©=0
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388 of :2 almost completely determines (1 as the trend towards

- » ™ - e -

G . . .
p (& [¢,50) = 6(¢-C,) (86) "

becomes apparent.

g

1.2 Exponential-Type pdf

Having established some of the desired features in a joint pdf it M

X XXX AN

v,

is time to examine the exponential-type pdf Eq (2) which has been

used by many as an alternate to the joint Gaussian pdf for rough surface

AR

»,
Jo

representation. Figure 6 graphs the exponential-type pdf for

p=0, .5 and .95. There are many similarities between these graphs and

]

SN

the corresponding graphs for the joint Gaussian pdf. It is these

, I

similarities that may have lead others to use this pdf as a rough surface

‘1: model. What is not readily apparent from these graphs is that

the joint exponential-type density function is not equal to the product

of its marginals at =0 and and thus the decorrelated random variables

are not statistically independent.

The fact that the exponential-type jpdf is not equal to the product

Ao

R

of its marginals at ©=0 is easily verified by checking at the point

¢ = {_ =0, The marginal pdf as derived by Papa and Lennon [15:39] is

: S AR RER AN
n h

is a first order modified Bessel function. Setting h=1 and

where K1

using the value of xKl(x)=1 for x=0 from [1:379] one gets
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' p (£,=0) = thus {p “UJ = — (88)
. n n
: 3
4 1
] .
h which does not equal 3/(2m), the value of the jpdf evaluated at zero. 4
) The more critical question of the relationship between Cl and C2 is B
2
. answered in Fig. 7 which graphs the conditiocnal pdf's for the v
K o
s exponential-type jpdf at the different values of p. The fact that all .
v of the graphs show a spreading of the conditional density function on (1 :
P
) as |C2| gets large is a curiosity but does not prohibit the jpdf from .
. >
Q representing rough surfaces. The fact that the conditional density A
e function at ©0=0 shows that the density on C1 is a strong function of C2 z'
)
1 h
does prohibit its use. N,
Lt
W <;L . The exponential-type conditional pdf at ©=0 is odd indeed for a pdf 5;
|
K, that is to represent rough surfaces. The increase in the variance of C1 M,
1\ )
. . -3
as |(2| increases indicates that if the height {(x,y) is very v
D v
’ "y
X high, the probability that the height at a point (x',y’) which is very M
. far from point (x,y) is modified so that very large positive and :'
; negative heights become more probable at the point (x’,y¥'). Meanwhile, :‘
! heights around the mean become less probable. The same behavior is W
» observed if the height at point (x,y) is very large and negative. t"
* 3
x Although this author can offer no mathematical proof as to why this is "
- \l
y impossible for physical surfaces, it seems that this is the only logical My
N conclusion. fJ
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Fig. 7a. Conditional Expo-type pdf, P=0
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1.3 True Exponential pdf

The final jpdf to be evaluated is the exponential pdf introduced by
Pyati , Eq (3), and it is pictured in Fig. 8. A noticeable distinction
of this pdf is that it does not have the circular symmetry at ©=0. This
is simply because at p=0 the exponential JPDF reduces to the product of

its marginals

i ! RSN
f (51,5220) = ————exp [— } (89)
h

4h
which has constant probability along the |{ [+[{ |= C lines, where C is
any constant instead of the Cf+ Ci: C lines as did the previous two pdf's.
The same trend as seen in the other pdf’s as © approaches one is
apparent in Figs. 8b and 8c. Figure 8c is perhaps not as clean as
it should be based on the fact that as o approaches 1, a large number of
the higher ordered modified bessel functions are needed to calculate
accurate data points for the exponential pdf. Since each of these
modified bessel functions is represented by a truncated infinite series
in the computer program that calculated the surface graphs, increased
error is present as more terms are needed. The trend, however, is

obvious and the fact that this series tends to

E . - ) £
f (41,4‘2,1)-0(&1-42) f (/2)
. 1 <, ]
= 8(5,-4,) ———exp | ~ (0]
2h 2h

as P = 1 is verified when the characteristic function of Eq (3) is shown

to be equal to 1 at p = 1 (see Fig. 12).
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The graphs of the conditional probability of Cx given (2 and ©

(Fig. 9) show the necessary condition that when ©=0 the probability of
Cl is independent of (2. The above stated relationships as © increases
are evident in Figs. 9b and 9¢ within the limits of the numerical
inaccuracy stated in the previous paragraph.

In summary, it has been shown that the true exponential JPDF
satisfies the condition of decorrelating into statistically independent
pdf’s while the exponential-type pdf has been shown to be inappropriate

for representing rough surfaces.
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12. RCS’s Using Specified Density Functions

In this section the steps required to calculate the average diffuse
RCS’'s per unit area are presented for all three jpdf’s. Henceforth the
fact that only the diffusely scattered power is being considered will be

assumed unless otherwise stated.

2.1 The Characteristic Functions

To calculate the average RCS per unit area of a rough surface given
a specific pdf, one must first calculate the characteristic functions of
the joint pdf and the one dimensional marginal pdf’s. The joint

characteristic function of a bivariate pdf is given by [7:128]

lz(vi,vz) = <exp(jvltl+ jv2E2)> (91)

e
Making the backscatter substitution that V,E -V E -V, this becomes

- - v { - v 2
¥ (v, vz) = <exp(gvz<1 J\ZC2)> (92)
which, for convenience, will henceforth be referred to simply as the
Jjoint characteristic function without reference to the particular
arguments. The one dimensional characteristic functions are given by

l (vz) = <exp(jsz )> and rl(vz) =X (-vz) = <exp(—jvzt ) {93)

Before investigating the characteristic functions of specific pdf's

several properties of the characteristic function should be noted. The
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first involves the case where the two random variables of a joint pdf
become completely correlated. In this case Cl approaches the value of
C2 and thus Eq.(92) simply approaches the expected value of unity. The
second case considered is when the two random variable become
completely decorrelated. If the random variables become statistically

independent while decorrelated the following relationship holds true

. . . - ,‘ .
Luwoao tz(vz,-vz) = <exp(Jvz( )><exp(~Jsz )> = rl(vz)tl(vz) (94)
If the density functions are symmetric about zero, all of the pdf’s in
this thesis are, then

2

V(v ) = () (95)

2.1.1 Gaussian and Exponential-type pdf’'s

The characteristic equation for the bivariate and monovariate
Gaussian pdf’s are quite easy to derive and can be found in practically

any text book that covers characteristic functions [6:99]

2
G _ 2 2 G _ hv, -
1, = exp[-h"V (1-0)] and v = exp[- —5— ] (96)
.
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The characteristic functions of the exponential-type pdf were derived by

Papa and Lennon and are given as [15:59]

ET 2 22 32
X, = {1 + T h vz(l—p)} (97)

ET 1 .2 2)7%°
X :{1+-3-hv} (98)

Graphs of the one and two dimensional characteristic functions for the
Gaussian and exponential-type pdf’s are shown in Figs. 10 and 11
respectively. The fact that the exponential-type does not split

into statistically independent random variables is obvious from the fact
that the two dimensional characteristic function does not approach the

value of the one dimensional squared in Fig. 11.
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2.1.2 True Exponential pdf

The one dimensional characteristic function for the true

exponential is easily calculated to be

(99)

Unfortunately, the two dimensional characteristic function is neither as
easy to find nor is its final form quite as compact. Because its
derivation is lengthy it has been provided in a separate appendix,
Appendix A. The solution, arrived at in collaboration with Reif [19]
and with the assistance of thesis advisors Pyati and Baker, is given by
Eq (A-37) which contains two infinite series.

Obviously, one would prefer to have the solution given in closed
form. Appendix B, also derived with those named above, gives a closed
form solution for the first series of the total solution. The geometric
series identity used to get a closed form solution for the first series
cannot be applied to the second series. The most that could be done
with the second infinite series was to approximate it by a finite series
and a remainder term. This approximation can be found in Appendix C.

Figure 12 was generated by incorporating the contents of Appendixes
A through C into the program MAIN2.BAS (see Appendix D) which
calculates values of the two dimensional characteristic function. All
three characteristic functions are shown together in Fig. 13 using the

value th: 10.
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2.2 Performing the Final Integration

Having computed the characteristic functions for the pdf's all that
remains is to perform the integration of Eq (78). Closed form solutions
to Eq (78) have been found in the past for the Gaussian and
exponential-type pdf’'s where the surface is assumed to be very rough
using the method of stationary phase. Very rough in this case means
that the square of the one dimensional characteristic function is
essentially zero and the power is diffusely scattered. From reviewing
Figs. 10 through 13, this means that the product h*vz should be at least
53 for the Gaussian pdf and somewhat larger than 5 for the
exponential-type pdf. By assuming this condition, the square of the one
dimensional characteristic function need not be subtracted from the two
dimensional characteristic function thus making the stationary phase
integration much easier. Under this condition, the diffuse scattering
contribution to the average RCS per unit area of a surface represented

by the jeoint Gaussian pdf is given by {20:724]

G sec‘(G) 1
(RCS)D = 5 exp| -
s s

tan’ () (100)

. . .2 )
where 52 is the mean squared surface slope given by 4h2/t. £ being the
correlation length of the surface. (A more detailed explanation of the

mean squared surface slope term can be found in Reif (19]).
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For the exponential-type pdf, the diffuse power contribution to the

average RCS is given by [20:725]

o 3sec’ (&) iy
<RCS>D = ——F—— exp| - —5 tan(6) {101)
S S

It should be noted that Eqs {100) and (101} are valid only for very
large values of h*vz since the method of stationary phase (a high
frequency asymptotic technique) was used to perform the integrations.
This masks the problems associated with the exponential-type jpdf. The
associated graphs of Eqs (100) and (101) are given in Figs. 14 and 15
respectively.

A better physical understanding of Figs. 14 and 15 can be
obtained from considering a few ray optics arguments. As a plane wave
impinges normal to the mean of a randomly rough surface, the rays will
be scattered in random directions (diffusely). The rays scattered in
any given direction can be attributed to scattering from the specular
points for that direction. Increasing the roughness of the surface by
increasing h does not change the number or position of the specular
points. Tt does, however, decrease the principle radii of curvature
(R1 and Rz) of those points. Since the RCS of an object using specular
point theory is given by RCS = n Rle {10:119] this obviously will
decrease the average RCS of the surface. The rougher the surface is,
the smaller the radii of curvature these specular points will have.

Therefore, an increase in roughness reduces the normal backscatter.
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As the angle of incidence is increased, the number of specular
points is decreased. If the surface is only slightly rough, it is
highly unlikely that there will be specular points for angles of
incidence other than those near zero. The rougher the surface, the more
likely it is that there will be specular points at higher angles of
incidence. (It should also be remembered that the rougher the
surface is, the greater will be the effects of shadowing which is not
accounted for in these figures.) For more on the specular theory of
rough surface scattering one can refer to [4], Reif [19] is a good
source for the shadowing theory.

Before taking on the task of performing the numerical integration
of Eq (78) with data points of the exponential characteristic functions,
the behavior of the elements of the integrand should be analyzed with
respect to their possible effects on the integration. Keeping in mind
what must be done in a numerical integration, it is seen that to
reproduce solutions such as those in Figs. 14 and 15, one must
successively solve the integral for discrete values of the mean surface
slope and at discrete angles of incidence. The variables that change as
these parameters change are h, v, and Ve while the correlation length,
¢, is kept constant. (The correlation length is set to | throughout
this thesis.) Two of these variables, h and v, are arguments of the
characteristic functions. Because of the length of time it takes to
calculate data points for the exponential characteristic function ( To
generate the 5001 data points that were eventually used in the
integration it took 56 hours.) one must find a way of using only one set

of data points from the characteristic function and scaling the other

ol " ', ", ="

A I P AN A U T R oy

- - . .

s
»
’

% 8 Aol WX

A

v 5
B

,-,-, _'.I.t'."."

e S

S

hh]



parameters accordingly. Fortunately, h and v, only appear as the
dimensionless parameter h*vz within the characteristic function.
Therefore, the goal can be accomplished by letting h*\'z equal some
constant.

To keep htvz constant for any given mean surface slope as the angle

of incidence changes, the following must hold:

h*vzz 2k cos(8) = C (102)

c
k= =N Cos(0) (103)

where C is the yet to be determined constant. Fortunately, as can be
seen by reviewing Eqs (100) and (101), the <RCS>D is not a function of k
e‘l as long as k is large enough so that the one dimensional characteristic
functions can be ignored. From Fig. 13 it would appear that letting
C = 10 is sufficiently large, therefore 10 will be the value used. The
use of C = 10 as a high enough number will also be confirmed by the
accuracy with which the numerical integration of the <RCS> integral
reproduces the stationary phase result for the Gaussian surface.

It is seen from Eq (103) that as the angle of incidence increases,
the value of k to be used in the integration increases. This causes the
constant portion of the Bessel function argument in Eq (78) to be
increased. Thls in turn increases the frequency of the Bessel function.
Figure 16 illustrates this relationship. The fact that it is the

increased cancellation between the positive and negative portions of the
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high frequency Bessel function that cause the RCS to go to zero
emphasizes the necessity to use enough data points in the integration.
When the angle of incidence is held constant and the mean surface slope
is increased, the result is a decrease in the wave number. The effects
of this relationship are shown in Fig. 17.

Since the characteristic functions for the Gaussian and exponential
pdf’s are not dramatically different, one might assume that the same
number of data points required to integrate Eq (78) using the Gaussian
CF would be adequate to integrate the exponential. By incrementally
increasing the number of data points used to do such an integration, it
was found that with h*vzz 10 that 5001 data points evenly spaced
from 0 to 1 correlation length ( that is, .0002 correlation lengths

apart ) produced adequate results. These results are shown in Fig. 18.

G‘% Overlaying this graph and the graph of the stationary phase solution of

the integral, it is found that the values are exactly correct until they

get down into the -20 dBsm region where they obviously deviate from the

S

stationary phase solution.
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Creating the 5001 data points for the intedration proved
to be no trivial task. As stated earlier, every attempt was made to
minimize the number of calculations required to produce this exponential
CF data (see Appendixes A-C). Finally, the program MAIN2.BAS was
written to crunch the numbers. It was soon realized that running this
program on the basic IBM PC, even in compiled TurboBASIC, would place
the run time of the program dangerously close to the mean time between
failures of the computer. The computer was therefore enhanced with a
faster CPU and a numerical coprocessor. This increased the speed of the
calculations by a factor of 8 allowing the data file to be built in only
56 hours of continuous run time. After completing the data file,
program RCSZ2.BAS was run to perform the integration using a Simpson’s
integration scheme. The results of these integrations were then
multﬁplied by secz(é) to produce Fig. 19.

Figure 19 gives the average RCS per unit area of a very rough
surface represented by the true exponential pdf. It is interesting to
note that it does indeed resemble the graph of the exponential-type
results in shape., This is the only similarity though, as overlaying the
graphs clearly shows that the values are not the same. The RCS of the
true exponential surface is lower at normal incidence and falls off much
slower than that of either the exponential-like or Gaussian surfaces.,
This indicates that the true exponential surface is a rougher surface
given the same surface height variance (hz). In the next section,
computer generated surfaces will show this to be true but for now this
argument will be supported by simply looking at a comparison of the

pdf’s
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3. Summarv

In this section some of the properties of the Gaussian,
exponential-type and the exponential joint probability density functions
were investigated along with some of the related properties of their
characteristic functions. It was shown that upon decorrelation the
Gaussian and exponential random variables become statistically
independent. It was also shown that the exponential-type jpdf lacks
this property and is therefore not suitable as a rough surface model.

In support of the <RCS> results found for the different jpdf
surface representations one can refer to Figures 4, 6 and 8 all of which
were generated with the variance set equal to one. Although the scale
of the graphs are all different (this was done to maintain constant size
for the graphs) it is obvious that the exponential-like and the Gaussian
pdf’s go to zero much faster than does the exponential. This indicates
that the exponential surface will have higher peaks on its surface than
will the other surfaces. This in turn will give the exponential
surfaces smaller specular points distributed over a larger range of
angles. Referring back to the specular point arguments for the way the
RCS of a rough surface acts, this supports the findings presented in

Figs. 14, 15 and 19.
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Part B

R 2

Part A of this section dealt with mathematically predicting the
average diffuse RCS of a surface given that the surface was represented
by specific probability density functions. The only way to check such
calculations would seem to be to check them against RCS measurements
made on real surfaces that obey such statistics. Most surfaces in
nature, however, have many different degrees and types of roughness
superimposed upon one another. Therefore, surfaces that conform to a
single statistical representation are not easily found. (Two references

that address this topic are [13] and [18).) An alternative given in

this section to real RCS measurements is computer predicted RCS’s of
computer generated rough surfaces that meet the proper statistics.

In this section, random rough surfaces that obey Gaussian and

TNCNASMAY T vy,

exponential statistics will be generated by computer. The RCS of these

-

surfaces will then be calculated for different combinations of mean

--
2
A KA

surface slopes and h*Vi These results will then be graphed and

Y Iy

compared with the predicted results from Part A.
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1. The Generation of Random Rough Surfaces (Background)

P L AL

The technique for producing random rough surfaces is borrowed from
Harnly and Jensen [9] where it was used to create spatially correlated
infrared noise. Harnly and Jensen, developed this technique under the
guidance of AFIT faculty member Dr. Peter Maybeck. The only
modification to the technique is one of interpretation. That is,
instead of creating spatially correlated noise, one is now finding

spatially correlated surface heights.
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Z(t) = °J% Wit

where‘Z(ti) is a vector of dimension NZ, each element of which

represents the surface height at an individual point of a grid

as in Fig (20).
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88 The correlation matrix is simply an N X N matrix, each element of

" - -

which represents the correlation coefficient between a point (j) and a

A

p) point (k) where (j) and (k) index from 1 to \12 [7:366]. The correlation

CRAAS

matrix is given by
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(105)

For the purposes of this thesis, a Gaussian correlation coefficient is

- )
f‘: used. Therefore '

. _ 2 2
\ ;OJ = exp |{ d\j,k /€7) (106)

| AT

y is the distance between points j and k. Obviously, it then

R

where dJ,

&'l

Ly

4 follows that DJ,J. = 1 and DJ « TP N Also, as the distance between

two points gets large, the correlation coefficient will go to zero and

T

the points will be statistically independent. The extreme example of

[y

v this would be a grid for which even the adjacent points were very far

2 =%

apart. Under this condition the correlation matrix would simply be the

A

identity matrix which has off diagonal terms of zero and diagonal terms

PHX

-~

equal to one. In such a case Eq (104) simply gives Z(tl)zw(tl).
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e The elements of the Cholesky square root matrix are generated K z
N :
™Y _
sequentially, row by row, from the recursion: for i=1,2,...NE compute ;’
[12:371] !

Y
0
v
”~ "

j-1

1 J o

e DiJ - z Gik* qﬂ J=1,2,3,...,1-1 {107) e

a. K= -

Ji L Y

<

i-1 :'

a = A 2 ) . P

1 1P ‘z a =i (108) 3

k=1 ‘(5.“’

-

Pl
0 J > 1 {109) ;V,

“ !’

N,
.

=

where the a’s are the elements of the Cholesky square root matrix and the ::
4

i . . -

“ P's are the correlation matrix elements. [
= . . 2 ~3
As stated, the vector W(ti) is simply N uncorrelated surface :t;
(l 5
heights produced by any valid one dimensional pdf. This is extremely ;t“
"

convenient since one dimensional pdf’s are easy to come by. Surfaces ;
\3
o

can then be generated which follow Gaussian statistics, exponential :QC
Sy

o)
statistics or even uniform or Raleigh statistics if one so desired. :5,
Ry

The program that will be used to calculate the RCS of the generated )

ox

l’}
surfaces is written in Fortran and resides on a VAxX-11/785 which is ?f“
U
v, :
owned by AFWAL. Therefore, the programs that generate the surfaces were R g
written in Fortran on the same computer. The following programs were ) _
~¢:‘
written for this purpose RS
o
CORCOEFF: Given the horizontal distance between ::3
TN

surface points and the number of points in a row,
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this program calculates the total distance between

‘ }%} ()
; > . : . 0
| each point and creates a file containing the )
W
correlation matrix. Y
o,
-
»
CHOLESKY: Given a correlation matrix file, this };
b ) y
program creates the lower triangular Cholesky square 4
i . . . . y X
root of it and places it in a file. i:;
A
-
i GESURF: Given a Cholesky square root file, this ﬁ:‘
i J‘\"
program creates the W(ti) vector and then the Z(ti) r’
>
vector which represents the rough surface. The :ﬁ:
-'.\l
surfaces generated by this program have a surface N
S
. . . W
height variance of one. The variance of these »
L4
. . . \
surfaces can be changed by simply multiplying the 5§
AW
L . . N
existing heights by the square root of the variance, h. .j;
6?? Each of these programs is listed in the Appendix D. '
L]
. . . =
The diagonal terms in the Cholesky decomposition algorithm get :ﬁ.
b
increasingly smaller as the size of the correlation matrix increases and éﬂN
hifn
the horizontal distance between points increases. Roundoff error then »
e
o
Y
comes into play and can cause the term within the square root sign on 5&1
.
Fq (108) to become negative which should not happen for the positive f;"
s‘:--
definite correlation matrices presented in this thesis. This limits the )
et

the size of the surfaces that can be generated. Trial and error showed

that square surfaces could be generated that were a total of 1.2

b Fs.
correlation lengths long and had 15 rows and columns of surface heights g,
2
‘™
each separated by .3 correlation lengths. The generated surfaces are };::
N
shown in Figs. El through E20 of Appendix E along with the R(S o
KV

information for each surface.
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. The RCS Program

The program used to calculate the RCS of the computer generated
surfaces, the Radar Cross Section-Basic Scattering Code (RCS-BSC), was
provided by AFWAL/AAWP-3. The code itself was written at Ohio State
University's Electroscience Laboratory under the supervision of Ronald
Marhefka {11]. Although the RCS-BSC has capabilities well beyvond that
of Jjust providing physical optics predictions for perfectly conducting
bodies, only the option which makes these assumptions was used since the
calculations in Part A are based upon these assumptions.

Two minor problems had to be overcome before the RCS-BSC could be
run against the generated surfaces. First, the RCS-BSC could only
handle objects represented by a maximum of 50 plates with a maximum of
10 sides per plate. In addition, the code does not allow plates to be
concave. That is, all of the corners of the plates must be in the same
plane. The surfaces generated are made up of 196 plates, each with 4
sides, none of which are planar. Therefore RCS-BSC had to be modified
to allow objects to be represented by more plates. This was simply a
matter of plodding through the program and changing the appropriate
dimension statements. Since no more than four sides per plate were
needed, it was possible to increase the number of plates the program
could handle while decreasing its memory requirement by redimensioning
the plate geometry array to 400 - 4. The problem of concaveness was
solved by representing each square plate as two triangles since
triangles are planar by definition. This would have allowed the
redimensioning of the arrays to allow only three sides instead of four

but this was not done since computer memory availability was not a
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ég& problem and since the redimensioning to allow up to 1400 plates had
already been accomplished. Since each of the 196 squares was now
represented by 2 triangles, 382 of the 400 allowable plates were used.
To finally calculate the RCS of the surfaces, files needed to be
generated that set the proper control parameters for RCS-BSC and placed
the surface height data in the proper format. Program BUILD.FOR
accomplished this chore. 1In addition, since a single run of RCS-BSC
against a surface toock 27 CPU minutes on the VAX, batch files had to be

written to run the code after hours.

As mentioned, the run time of the program was a concern. Even
limiting the RCS calculations to 5 degree increments between 0 and 900
the calculation of a single pattern took 27 CPU minutes. Therefore,

only a limited number of surface RCS calculations could be run. The
‘fﬁ final series of runs consisted of 10 Gaussian surfaces and 10

exponential surfaces. The heights of these surfaces was scaled so that
each had mean surface slopes of 5°and 25°. The RCS of each of these
surfaces was in turn calculated at 5.46 Ghz and 17 Ghz so that the
pattern could be compared as a function of the wavenumber k. The RCS’s
calculated for each surface are given in the tables associated with each
surface in Appendix E.

Having completed all the runs, the RCS’'s were averaged at the
discrete angles of incidence. To average the RCS’s of the surfaces,
cach RCS was first converted to square meters. The average of the R(S's
was then calculated in square meters and then transformed into dBsm.

Tables TT and 111 give the results of this process along with the

physical optics solution for the RCS of a flat plate at each point.
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These results are also graphed in Figs. 21 through 24. The RCS's of the

b4
flat plates are provided so that one may see that the diffuse scattering
; does indeed fill the nulls of the coherent pattern and decreases the the
E peaks of the pattern.
i The results of this experiment show excellent agreement with the
f predicted results. The selected combinations of mean surface slopes and
frequency assured that hk > 5 for all measurements. Therefore, as
stated in Part A, the scattered power should be primarily diffuse and
independent of frequency. Comparison of the results shows that
i frequency independence. In addition, comparison of Figs. (21) through
’ (24) with Figs. (18) and (19) show excellent agreement between the
. behavior of the average RCS as a function of mean surface slope and
incident angle as well as good agreement between the actual RCS values
"’ and the predicted RCS values at small angles of incidence.
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TABLE II N,
Su"
; {RCS>/Area for Gaussian Surfaces (dBsm) : ,
K} r_‘w
Gaussian Flat !v
: e SO 2E QRIS TS e %
Ang hk=6 hk=27 | hk=16 hk=83 K=114 k=357 -~
)| s,
b -
; 0 23.46 22.83 8.45 4,53 36.20 16.08 %
3 15.39 15.62 8.06 6.84 10.55 .61 g
10 7.11 5.00 8.19 5.08 8.73 7.54 5”
13 -1.81 -1.10 4.73 2.44 6.25 6.13 oh
X 20 -5.73 -10.11 5.02 6.12 3.74 -3.96 nr
: 25 -6.29  -14.55 1.42 2.49 1.18  -20.52 ~23
{ 30 -8.86 -13.96 4.53 1.68 -4.28 -3.514 E;
@",‘ 35 -11.76  -18.11 0.56 0.66 | -11.69 -7.33 ;
10 -11.22 -17.26 0.20 1.84 -3.75 -20.65 S
15 -13.65 -18.83 -3.02 -5.96 -8.26 -5.93 :{‘
30 -13.44 -17.99 -7.81 -10.40 -17.30 -22.52 v
55 -18.15 -18.83 -11.53 -17.57 -14.49 -19.59 o)
60 -14.01 -21.62 -16.34 -21.17 -9.85 -10.08 :}
65 -22.19 -214.07 -16.68 -22.04 -37.22 -41.25 ih
70 -18.01 -25.53 : -17.386 -24.74 -17.25 -17.77 3
73 -21.28 -24.42 | -22.84 -25.01 -21.47 -19.83 o
80 -26.70 -19.06 : -21.20 -24.09 -28.48 -31.13 i
85 -26.84 -33.80 : -20.16 -19.814 -28.15 -30.60 ﬂf
j 90 -32.05 -32.58 { -17.586 -17.98 -99999 -99999 o
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X TABLE III
. <RCS> /Area for Exponential Surfaces (dBsm)
Exponential Flat
atan(s)=b atan(s>=25
: ang |t e SRS E2EA . R
. ]
X 0 20.00 19.45 § 4.51 7.65 36.20 46.08
5 15.08 13.28 5.12 1.05 10.55 5.64
" 10 5.89 3.11 6.13 4.50 8.73 7.54
15 -4.59 -6.01 2.63 4.05 6.25 6.13
! 20 -8.32 -11.13 1.90 1.59 3.74 -3.96
e 25 -8.47 -14.14 0.59 1.87 1.18 -20.52
N 30 -13.55  -16.54 1.36 0.71 -4.28 -5.54
C;' 35 -16.08 -18.42 2.38 2.21 -11.69 -7.33
10 -16.60 -19.28 -3.03 0.20 -3.75 -20.65
15 -18.186 -23.18 -3.59 -3.06 -8.286 -5.93
50 -18.19 -22.71 | -8.42 -10.08 -17.30 -22.52
. 55 -21.28 -25.32 | -13.82 -19.25 -14.19 -19.59
- 60 -18.36 -23.92 : -17.51 -20.75 -9.85 -10.08
65 -22.68 -29.15 | -16.411 -24.63 -37.22 -31.25
n 70 -20.00 -26.81 i -21.88 -22.91 -17.25 -17.77
2 75 -23.00 -28.57 | -22.79 -23.12 -21.47 -19.83
p 80 -28.01 -22.40 i -23.3 -27.80 -28.48 -31.13
. 85 -27.23 -32.65 i -19.98 -23.81 ~28.15 -30.60
L. | 90 -32.82 -30.64 | -18.50 -16.06 -999399 -99999
N
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ATAN(S)=S deg
ATAN(S)=25 deg

1 Sqr Meter Fist Plete

<RCS> /Area
— ] ,/>(

Incident Angle {deg)

Fig. 21. <RCS>/Area for Computer Generated Gaussian

Surfaces at 5.46 Ghz
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GS& IV. Conclusion and Recommendations ﬁ%;
1. Summary of Work Completed ;ﬁg
In this thesis it was postulated that any joint probability Sﬁg
density function used to model statistically rough surfaces should 'kw
decorrelate into statistically independent random surface height :;a
6

variables. A joint exponential pdf which met this requirement was then %%%
introduced and the diffuse scattering properties of surfaces modeled by 2
it were derived using physical optics and infinite conductivity jgg
approximations. This represents the first time the diffuse scattering h?g
1

properties of a true joint exponential pdf have been calculated. The e
i

resulting scattering properties of the joint exponential pdf surfaces .E'n:z

were then compared to the scattering properties of the joint Gaussian %:g
eih pdf and a joint exponential pdf and were found to be significantly -

different. §Q§

!

In addition, a technique was introduced whereby one can generate ¥ J

st

rough surfaces that satisfy virtually any kind of statistics. Then, 10 {L
R

surfaces each that satisfied Gaussian and exponential statistics with mean ﬁi;

o

surface slopes of 5° and 25° were generated and the high frequency RCS's
of these surfaces was calculated. The resulting average RCS's per unit ®
area for the different types of surfaces were shown to be in in good i
agreement with the RCS's predicted by the more traditional means but to )

deviate from the traditional predictions off normal angles of incidence. 9
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2. Recommendations for Further Study :5f

_— eogt:
@ h

Several follow on studies that could be conducted are enumerated

below. iﬂq
'i:

Pt
(1) The rough surfaces studied in this thesis could be expanded to kw
W

lI
include rough surfaces that have finite conductivity. The !

vy
calculations could be done using Eq (79) with the scattering %§

D

matrix elements defined for the particular surface under h¥eox!
study. Introduction of finite conductivities to the surfaces
generated by computer in Chapter III, Part B could be easily W
accomplished. e

(2) The effects of different correlation coefficients upon the

diffuse scattering properties of the joint exponential pdf Tﬁé
could be studied. This would require only slight modification _ﬁk

"; to the integrand of Eq (78) since the characteristic functions JJ
are a function of the correlation coefficient. It would also 3?2

be possible to replace the Gaussian correlation matrix used in é%%
Chapter IIT, Part B with some other type of correlation ;$}
matrix. This was tried for an exponential correlation :9;
function with no apparent problems. ah‘

’

(3) With the introduction of the rough surface generating ; )
X

technique, surfaces that meet other type of statistics could %ﬁ;

be generated and the RCS’s calculated for comparison to the 'Eg

ones studied in this thesis.

ZvA®
<1

(1) Follow on work could be done to show the validity of modeling

Do S

rough surfaces with joint probability density functions. In

e

this regard, the surface heights of actual terrain and other

&
A

»
v,

b % 3
TLLD,

&
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rough surfaces of interest could be measured and statistically
analyzed. Also, actual Laser and radar cross section
measurements could be made and studied for comparison to the
predicted results.

(5) Surfaces appearing in nature usually have more than one type
of surface roughness. For instance, terrain might have large
scale roughness that is properly modeled with a certain joint
probability density function while its smaller scale roughness
might be more properly modeled by another type of jpdf. On
top of the terrain one would possibly find vegetation which
might best be modeled by randomly oriented cylinders.
Therefore, a study that showed the construction of an entire
surface model might be appropriate.

e‘% (6) Finally, a study that looked at the total bistatic scattering
of different types of rough surfaces could be done. This
study should include an integration of the total power
scattered diffusely for different scales of roughness. This
power could then be subtracted from the total power incident
upon the surface. The remaining power would be the coherently
scattered power. The total scattered power would be
represented by the addition of the diffuse and coherent

scattered fields.
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qia Appendix A e

Characteristic Function for the Bivariate

Exponential PDF 3

The purpose of this appendix is to show how the characteristic %
function IE(CI,Cz;D) for Pyati’s two dimensional exponential pdf, o
, Eq (3), was derived. The characteristic function Iz(vl,vz) of a R,

two dimensional pdf FE(Ci'Cz) is defined as [6:189] N

» ® X

vy = | B0 em (v, ¢ dve,) ag e, (A-1)

- -® -}

‘r% To find the characteristic function of Dr Pyati’s two dimensional o
exponential pdf, replace P,({,,¢,) in Eq (A-1) with Eq (3) and solve. o
§ The integrals that need to be solved to obtain the characteristic '

function are shown in Eq (A-2).

- kP SO
PN X
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@ . In Eq (A-2), <1 and 'C2 symbolize two random surface heights which
are functions of x and y. 'Cl and ’Cz are separated by a distance r and
where P = p(r) is the surface-height correlation function. Ia is a

modified Bessel function of the first kind of order d. Also, sgni{x) is

the signum function of x.

[s I o]
] e, 1+ 1¢,]
12 (vl,vz;p) = expy — h(1-p2)
sh? (1-p° J
X -X

. 172
J [ZDEICII 1, 1) ] .
x [I + sgn((,l)sgn('cz)

o 2
[ h(1-p2) J "

p Y
. 172
) 2o(le | 1<,1)
: 2 “2n+1
(2n + 1] h(1-p
n=c¢c
< exp[ IV, v, ] dc, de, (A-2)
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At first glance, it appears impossible to obtain a closed form
solution for Eq (A-2). However. after much trial and error, a valid
solution was obtained.

The first step in solving Eq (A-2) is to remove the dependence of
the integral upon the absolute value functions and the signum functions.

This can be done by using the following relationships.

INNE Ly, for -@C L, <0
= ¥ 1.2 for 0 < ¢ 1’2< ® {A-3)
sgn((hz) = -1 for -® ¢ (LZ <0
= 441 for O < CL2 < ® (A=4)

Using equations (A-3) and (A-4) the above Fourier transform

integral, Eq (A-2), can be written as the sum of four integrals.

E _ -
Iz(vx’vz) = I1 + I2 + 13 + I* (A=3)

The values of I1 through 14 are given on the next two pages. Also,

. . 2 . .
a substitution of ¢ = h(l-0) 1is used for brevity.
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AN
&

5

_,
,

< exp [J vl + v,5) J ac dc (A-6) ':L"_

x
) , o 12 e
J 1 l—-(’1+ ‘2 2DE—L1L‘2 ] e
>
)

8 1

n (21’) + 1]2 2n+1 e v

-‘Q”‘_r’ J .I‘% g

*  exp [j vt Vz('sz J d¢ 1dl, (A-T7)

ﬁﬁr?}‘}{% “
A K4

/<

1.?

&3

A 4
L
Pg

-
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A A A
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1/2 Pt

8 1 29(—(1C2J A

T .
712 (21’1 + 1)2 2n+1 o (u

n=o

~  exp [ J (V1C1 + VZCZJ } dg, dsc, (A-8) A0

€ ;.

. 172
g ) 2o( ¢ ) ,

I
n? [Zn + 1]2 2n+t c "‘
y

n=o J :C.

< exp [j (v, + vz‘czj} dc  dg, (A-9)

LIRS w N AN IR s 3% 1% 5% 3% % e (A A Al I A e Tt N R S
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®
W These integrals need to be arranged into a form that can be !
y b U
_‘i ‘3 'i

integrated or for which an integral is known. One form that works was

Y {see Appendix A.l) is given by o

. e
"

-~ 8

—ax F'(p) cos(pb)
e  cos{mx) dx = > TS (A-10) by
(a° + m)P 2

p~-1

- - -
<
b

o F(p) sin(p6) 5,
. } el ! e sin{mx) dx = 3 WYz {A-11) N
(a +m) Ny

= cos (A-12) 3

eﬁ; ’ ( a + m2)
@

Several manipulations must be performed to get integrals one .

through four into the above form. The first step is to make all the

-l

limits of integration to be from zero to infinity. This is done in two

-

TR

e

steps, first making all integrals start at zero, then changing any

nedative infinities to positive by changing the sign of the appropriate

X
O}

¥

variable. These changes are shown on the next four pages.
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Step 1: Change order of limits.

- -X
. . .. N1s2
1 o+ L, 2p( ¢,¢,)
IL= exp j——————| ~ 41
0 o

lhc € c

©
. oNL1/2
| g ) 20( ¢,¢,)
4+
nZ (21’1 + 1]2 2n+1 o
n=o
< exp [j [vl'C_1+ vz'C.2 ] d'(1 dC2 (A-13)

&

‘X
. 172
g §>' { 20(-¢,¢,)
: ”2 L‘zn + 1]2 2n+1 o
n=o
exp [j (v,&r v,5) ] dc dg, (A-11)
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X -
. . . 172
1 gl‘ ('2 2p("<1C2)
I3=— exp x Io
J 4hc ¢ ¢
o o
x
2 (( ¢ JI/Z
8 1 PL54 5,
712 Ezn + 1)2 2n+1 o
n=o
exp [,j (V‘CI* \'zﬁz) ] d¢ dg, (A-13)

®
. 172
8 1 Zp( Clch
+
n2 (zn + 1]2 2n+l o
n=o
exp [ J (v +v,8) ] de, de, (A-16)




Step 2: Make all limits positive.

0
i . . L 172
1 -Cl "Cz ZAO[Lil,zJ
I1 = exp b Io
ihc ¢ ©
o0
x
20( ¢ ¢ )77
8 1 172
M 2 Lanet
n (2n + 1] c
nso
xexp [j [-Vx<1 - vz'Cz) ] dg¢ dt, (A-17)
® T
. o 172
1 -¢, =L, 20( ¢,¢,)
12= exp Io
dhc © c
00
o
L oN172
8 : 1 20[ <1L2)
- I
2 2 T2n+t
n i (2n + 1) c
nso
< exp [ J [ vlf,l - VZ'CZ ] dC1 d'liz (A-18)
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- I OO
nz (zn + 1]2 2n+l e ‘:t"

n=o

x  exp [ i (vg, +v,5,) ] ¢, dt, (A-19) o

exp {[ 3 (v, * v, ] dc, de (A-20) K
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These integrals can be simplified by noting that they are really
the sum of two integrands. Thus, if the simplifications listed below

are made, the integrals can be written in a workable form.

L . 172
20( € ¢,)
A= Io (A-21)
c
x
. 172
8 1 20( ¢,¢,)
B = (A-22)
le (21’1 + 1)2 2n+1 o
n=o
1 -<1° &,
D = exp | — {A-23)
4he c

With the use of these substitutions and equations (A-17) through

(A-20), the integral Eq (A-35) becomes

x %
L, o= /' / D (A + B) exp [J[-Vlcl -\242]] d(’idl‘z
0 o
X X
+/ / D (A - B) exp [j[—\:’lCl +v2(2]] d!.'lsz
0 0
X X
+/ [ D (A -B) exp [\}' [4-\’1/.1 —\'21‘2)J d"l.jzz
0 0
v X N
+ (/) Z) D (A + D) exp [ j[+-\-lr.1 +\‘2LZJJ d/dd«; {A=21)
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IB Grouping like terms, Eq (A-21) can be rewritten as

X X

t,= J I D(A+B) { exp[ j[v151+v2C2 ]
00

+ exp [—j (v1c1+v2'<2J J} dg de,

-+
o ~8g
o8

D (A -B) { exp[ §(v,6,-v,6, ]

+ exp[—,j Cﬁﬁ‘"}ﬂ]} d¢ de, (A-25)

Using Euler’s identity exp(Jjx) + exp(-jx) = 2cos(xi, Eq (A-25)

can be written in the form

&

® X
t.= 2/ /7 D (A + B) cos(vll,lﬂ" ]
)

14
22

X X

+ 2 é g D (A - B) cos(v ¢ -v,( ] (A-26)
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Equation (A-26) with the use of a the trigonometric identity for
the addition and subtraction of angles, which states cos({uz.3) = cosd

cos3 7 sint sin 3, can be written as

X X

1. = 27 /' D (A +B) cos [:\'141] cos [\'ZCZ
)

- sin(v ¢ ) sin[v2C2] }

x %
+2/ /D (A-B) {cos[vli_l] cos[vztfz]

+ sin(vlil] sin[vziz] } (A-27)

Expansion of Eq (A-27) simplifies to

*F
1"
EEY

o<

°©~ 8

D (A cos(vlCl)cos(vztz) ) dt d¢,

]
hoe
o ~g

s )
g D ( B sin(v ( )sin(v,() ) dCde, (A-28)

Now the following substitutions £ = (/cand 7 = Cz/c are made
and the Bessel function is replaced with its series equivalent Eq (A-29)

found in [1:375].

z (z/0*
Iv(z) z | {A-29)
2 kt T{t+k+1)
k=0

0]
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ﬂg& When L and k are integers, [ (v+k+1) = (t+k)! [1:253) and Eq (A-29)

reduces to Eq (A-30).

z 1” z2/0*
I(z) = |— (A-30)
L2 k! (v+k)!

k=0

Eq (A-30) and the €and 1 substitution are used to transform the
variables A, B, and D, given in Eq (A-21) through (A-23), into the

following equations.

a=1_ (2
it 2 K
(p°€n)
- - (A-31)
k2
k=0
&
® 172 1/2
8 12n01(2p 14 )
B=—3 2
n (Zn + 1]
n=0
MY IYE in+t 2 k
) (p°En)
(A-32)
(2n + 1n? k' (2n+l+k)"
k=0 n=0
1
D = exp (-¢ -n) (A-33)
ihc
<.
N
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Substituting Eq (A~31) through (A-33) into Eq (A-28) allows

theintegral to be written as

exp(-%) fk cos(cvlf) dg

-~
~ M
1
|o
A
e}
[ ]
=
°o——18

« [ exp({-1) nk cos(cv,n) an }

)
2n+1+2k
n’h ; : (2n + 132 k! (2n+l+k)!
n=0 k=0
b ]
x J exp(-£) fn*k*l/z sin(cv &) d&
)
o
. I exp(-n) nn¢k’1/2 sin(cvzn) dn
1035

L) $ ‘gt uJ € Cat gt gt L] L)

(A-31)
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Eq (A-34) now has its integrals in the form of equations {A-10) and
ﬁ {A-11) for which solutions are known. Therefore, the characteristic
. E . . . .
function v, for Pyati's two- dimensional exponential pdf has the

following solution.

X

c N P™° T¥k+l) cos((k+1)6 ) cos((k+1)6,)

E
Y =
2 2 24Ck+1D>/72 24Ck+1D>/72
h /[, k" (1 + (ev)7) (1 + (ev,)7)
ksO
[» +} [ 93 2
8c fol nrivak
T2 2
n°h (2n + 1)° k' (2n+l1+k)!
n=0 k=0

2 - . - . -
" (n+k+1.3) 51n((n+k+1.a)91) 81n((n+k+1.a)92j

—~ — (A=33)
2v(n+k+}1 .3>2/2 2y(n+k+1l . 35>/2
[1+(cv1) ) E1+(cv2) ]
Where 91 and 92 are given as
e = tan'
1.2 V2
= cos Ve
{ ¢+ + ¢ v ’)
- (1-0%)hv
= sin >3 VR (A-36)
(1 + o v )

o
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Finally, letting the arguments be v, T oV, TV

b Y

2k 2
o p) = (1-p°) o cos (tk+1)e)
V_,-v_;P) = (1- "
2 z Zz ( 1 + ((l—pz)h\-’z)zJ(k 1
k=0

X (e ¥] 2 1+2K
-+
8 pihth?t
2
+__? (1-0) >
n (2n + 1)° k' (2n+1l+k)’

n=0 k=0

F?(n+k+1.5) sin’ ((n+k+1.5)6)
. (A-37)
(1 + ((l_pz)hvz)ZJ(n+k+1.5)

G-taﬁl[c*']'coél[ : }
(1 + ((1-p"hv H"?

o { (1-p2)hv ]
= sin (A-38)
(b + ((1-pHhv Y
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Appendix A.1l

Solution of Integrals from Appendix A

This appendix derives the integral identities that were used in
Appendix A to find the characteristic function for the exponential pdf.
The integrals, Egqs (A-10) and (A-11), are rewritten here as

Eqs (Al-1) and (Al-2) respectively

[s ]
p-1 -ax
lx e cos(mx)dx (Al1-1)
)
[s o]
r p-1 -ax
Jx e sin(mx)dx (A1-2)

The solution to these integrals can be found by solving the complex

integral

-1  =a> j
[ < e % ™ ax (A1-3)

0

and noting that Eq (Al—1) is simply the real part of Eq (Al1-3) and

Eq (Al-2) is the imaginary part. Therefore, the real and imaginary
parts of the solution will correspond to the solution of Eq (Al-1) and
Eq (Al-2) respectively.
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% - By making a substitutionthe integral can be rewritten

ALY,
x,
P e ax (Al-1)
with s =(a-mj)
This is then followed up with another change of variables to get
2
I'(p)
sthplebdt= spr(p)=-————— {A1-3)
(a-mj)P
o
sx = t dx = dt/s
,hl}.. 1;p—l
[ ] P-1_
X =
p-1

The integral can now be put in its final form by representing (a-mj) as

sqr(a2+m2 yexpl-jpP) with

9:1:::m-1 [:—:] =cos_1 - (A1-6)

3 :
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Then .

F(p) cos(p®) -

-ax -
X e cos{mx) dx = 5 m2 572 (Al-T7) l,|‘

o
55

a

ax F'(p) sin(pé) Py
e  sin{mx) dx = (A1-8) A
2 2 p/2 LS

(a + m } "=

p-1

7
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b 4
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Appendix B "'

Characteristic Function

The purpose of this appendix is to show how a closed form solution A
for the first series of Eq (A-35) is derived. The first series of Eq ',,.
{A-35) is repeated in this appendix as Eq (B-1). This solution was

arrived at in conjunction with Reif {19]. -,

4‘.
T p** cos((k+1)6 )

> )
. /L (+1-p")nv %)

-

e oy i T TP

-
) -
-

(k+io/72

o4 3w
e B

5

}‘.

(B-1)

l‘-

cos((k+1)92) }

& (1+((1-p*1nv,

2~ Ck+12/2
)* ]

- .’.-‘ %?_: hd 4

-.1

1

-
o

91 = tax:l1 [( 1-Dz)hvl] = co%1
[1 + ((1-p")hv )? ]“2

e 1 n
i

’
L
-,

2
- (1-p )h\'1

™ e

2 2 172
{1 + ((1-p%)hv ) ]

—
wrErd

2%,

>S5
vy

4,

-
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To obtain the variable 92, Jjust replace v, with v, in Eq (B-2). Y
Then, using Euler's identity for a cosine, the cosine term, cos((k+1)91),
is written as Eq (B-3). The same is done for the cos((k+1)92] term by
replacing 91 with 92. Py

exp(d(k+1)91] + exp[-j(kﬂ)@x] Y

cos((k+1)8)) = (B-3) bR
2 :h

Also, to reduce Eq (B-1) to a workable form, the following substitutions &;.
S
)

will be used. pa

&
"

[1 + ((1-0"hv,)? ]"2 (B-1) g

2., N2 |12 -
[1 + ((1-6")hv) ] (B-3)

\
\Iv

[en]

1}

a2

-.‘- -
i

A

The use of equations (B-3) through (B-5) allows equation (B-1) to

v

be written as

:
- % %

o’ f

I g
1

)
-
11}
e —
P23 |
63 ke
o~
=
x
[>5] (]
x
et s
Y

fo)
— {[exp(j(k+1)91] +exp[-j(k+1)91]J

“ﬁ\'r'75

. [exp(j(k+1)92] + exp[-j(k+1)62]J}~ (B-6)

»
w1
Pt
A
1)
P
)
e
)
»

3,
\) \ "
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g
X
:S %‘ Expanding Eq (B-6) by multiplying terms to remove the brackets
1y
“l
R vields
;«s
1
o 2 ® 2k
::n (1-07) P ( ) ( )
4 X = explj(@,+6_) ] exp(jk(6 46, )
o Xp o P J
W 1 4AB akgk 12 11
. k=0
R + exp(j(o,-6.)) exp(jk(6 -6))
. 12 L2
R
+  exp(-(6,-6,)) exp(-jk(6,-0,))
.."..‘
:
+  exp(-j(6,+9,)) exp[—jk(91+92)]} (B-7) f
3
e x
, Using the geometric series identity, > Xk = 1i\( which is valid
k=0
. when |X| < 1, [M{:107] equation (B-7) can be written as Eq (B-8).

Equation (B-8) is now in a close form since the summation sign has been

- removed.
.
Ll

ORI

o) 2 .
] (1-07) exp(J(91+92))
e Y o2 —

AB - Dzexp(j(91+92)]
EXP(J(el-ez)] exp(-,j(el-ez)] ]

+ +
" AR - Dzexp[j(91-92)] AB - Pzexp[—J(Gl-Gz))

r . exp(-j(91+92)] ‘l

v > g (B-8)
‘)': AB - p exp(-j(91+92)J J

13
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Qi Euler’s indentities K

exp(Jjx) = cos(x) + j sin(x) ]
and &

exp(-Jjx) = cos(x) - j sin(x)

e b L g

are used with the substitutions of the terms )

M = cos(91+62) o

oz sin(6 +6 ) ]
1 2

[
11}

cos(O -6 )
v 2

and

W

&

S
-~

-~

wy

$ = sin(® -6 ) )
12 g

Ld

”,

.

by

‘.

v

g to obtain

g .

2 a .
(1-0 ) { Mo+ gk Poeog

‘l I.;".( "I “r \l

i
f1)
[}
v
T,

XA

MR Y

1
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B

Manipulating Eq (B-9) by multiplying each term’s numerator and

denominator by the conjugate of its denominator vields

(1-p02%) 2:EM - 2pMi_2p?n?
X .
! 3 8282 - 2:Bp%M + ptmMliptn?
23FF - 2p°F’_2p°s?
+ (B-10)
A28 - 22EB02R + p'RiI+pts?
Since
a2 2 _ 2 . 2 _
M + N = cos (91+92) + sin (91+92) =1
and
2 2 2 .2 _
"+ 3% = cos (91-92) + sin (91-92) =1

Eq (B-10) can be reduced to Eq (B-11).

(1-02) [ AEM - o

' 2 | a%E? - 2aBp?M + of
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In Eq (B-12) and (B-13), the trigonometric identity for the cosine
of the sum of two angles is used to expand ™ and ¥ in terms of sine and
cosine of 6. Also, Eq (B-2), Eq (B-1) and Eq (B-5) are used to evaluate

the sine and cosine of 6.

M = cos(91+92) = coselcose2 - sinelsme2 (B-12)

F = cos(91-92) = coselcose2 + sinelsln@2 (B-13)
cosG1 = cos(co_sl(l/»&)) = 1/4 (B-11)
00592 = cos(co:qi( 1/8)) = 1/% {B-15)

) (1-p*)hv (1-0%)hv
sin91 = sin| sin —_—_— _— {B-16)
A A
. (1 D )hv (1- D hv2
sinez = sin| sin (B-17}

Equations (B-12) through (B-17) are used to write new equation for

M and ¥. These terms are now void of sine and cosine terms.
1 - t1=phv (1-p")hv 1 - (1-0"1"hv v,
o= = (B-18)
LE AF
U+ (1= )by (1-p"1hv 1+ (1-p"1 "0’y v,
= (B-19)
JE AR
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.Substituting equations (B-18) and (B-19) into Eq (B-11) yeilds Eq :}

&

(B-20). The values for a%g? are given in Eq (B-21).

2

e LSO
— - .

S

2
2.2

(1-p7) { 1 - (1-05)"n?v v, -o»
; 2 2.2, 2 4
A%B° - 20" (1-(1-p")"h"v v ] + p

2

e
NS

: 1+ (1-p5)%n?v v, - 0’ }
+

2

1252

2 2 2, 2
- 207 (1401-p"h v v ) o+ e

24~ ¢
-y

W W

with

2% 2 (1 (-0 ") (1 + (1-p) ) (B-21)

o oL A

-

v,

Qf‘ Combining Eq (B-20) and (B-21) and factoring like terms reduces the
’
final equation to a close form solution for the first series of Eq

(B-1).

G

=
22

1
‘%--—;{(1 202402 2 22 2 o 2 0
=P VY, vy Va f ViYe

1 - (1-p5)h’v v,

-) '-’\;h l’:;- v, 'J'

+ : : +. BN } (B-22)

(1-02)%n* w32 4 on v, +h vj - 2D2h2v1V, + 1

oS!
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When VIS VI Eq (B-22) becomes

1 1+(1-p2)h e
Vo —
L2 U c1-e5 ittt v 2n®v? - o20thtvie
1 - (1-p0%)h%? )
+ {B-23)
(1-p5) 2Rt & 2h%¢? 4 207202 1 J
Substituting in the extreme limits of © one finds that
1 2
X = —_— (B-21)
=0 1 + h%?
1 + 2h2v2

X z —_—l— — (B~23)

which aids in confirming the validity for the following reasons. First,
at £=0 the exponential jpdf reduces to the square of marginal

exponential pdf (see Eq (839)). Therefore, the characteristic function at
£=0 becomes the square of the the marginal exponential characteristic
function (Eq 99). As © gets larger the second part of the joint pdf
becomes increasingly significant. Therefore, this first series, which
represents the fourier transform of only the first part of Eq (2} should
only give a portion of the total sclution. Since the total joint
~haracteristic function should give a value of one at p=1, the ralue «f
only the first part of the total solution should be something lesa than

one,  Equation (B-25) obvinusly meets this condition.
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.@ Appendix C

The Truncation of the Second Series of the

Joint Exponential Characteristic Function

The purpose of this appendix is to show the method by which the
second series of the the characteristic function for the joint
exponential pdf,Eq (A-37), is reduced for the purposes of numerical

calculations. The series is repeated hear as Eq (C-1).

X
2 2 X 2
8o(1-07) ; p" N T (n+k+1+.5)
nt i (2n + 1)° Zi k! (2n+1+k)!
k=0
n=o0
‘ pzk sinz{(n+l~:+1+.5)8 ]
— C-1)
(1 + ((l_pz)hvz)Z)(n+k¢1+.o)
2
.y . { (1-0")hv_
6 = tan [ oV ] = sin ' 3 2 12 (C-2)
L1+ ((1-p)hv %)

Although the ratio of the gamma function and the factorial terms is
not equal to one in this series, it approaches one for values of k n.
Therefore, for k sufficiently large compared to n, the ratio of the
gamma function to the factorial terms is replaced with one for the
remaining terms. Wwhen the ratio is assumed equal to one, the geometric

series identity used in Appendix B can be utilized.
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h‘l
Nl
&
e
The determination of e~xactly where to alter the series and make ::_,.‘
%D >
i
the approximation that
~(
I'2(n+k+]+.5) .:...
=1 (T-2) .,n:
k' (2n+1+k)! ,:::5:
W
is of course arbitrary. One basis upon which to make such a decision is J:‘: :
a™ il
A
to decide how close to one the the left side of Eq (C-3) should actually 5’:
; 7.§
he and then determine the number of terms required to reach that point. _
N,
Using a Stirling’s formula for the evaluation of the Gamma and factorial j'_\
JI
)
terms (1:257] a program was written that produced the data in Table \!:
{C-1). Table C-I lists the value of k required for the ratio to reach ’.ﬂ
minimum values of .98 and .99 respectively for values of n ranging from ._"_::
WY
A
0 to 20. The values of k were incremented in steps of 100 and only the \‘:\
*; even numbered n values are given for purposes of brevity. The ,_..
o
.t
documented program is listed in the software appendix under the title :5-"
’
N
GAMRAT.BAS. .
..d-
s
TABLE C-1 o
»
Number of k Terms Required to Reach .98 and .99 :,:
A
®
n .98 k .99 k :-:.'
-y
0 1C0 190 T
2 100 700 oY)
1 1000 2200 N
6 2100 1000 .
8 3400 1700 )
10 1600 6900 e
12 6100 8900 :\\)_-
14 7700 11300 )
16 9100 12300 X
. 18 11200 13800 ®
an 2! 13900 15900 N,
&
120 N
[ )
rre
DN
................ . - .o ,:.‘,\

D T o I N R R R R R A R R R AR P TS PR
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» The series can now be summed up to as many k terms as required and oy,
4"!.“ %
Mo
~ then a remainder term, calculated by setting the left side of Eq (C-3)
equal to one, should be added. This remainder term is found as follows.

After summing m terms, and using Eq (C-3), the series on k is Y

%% sin’[(n+k+1+.5)0 ] %
¢

(1 + ((l_pz)hv)z)(n+k+1+.5)

k=m
To use the geometric expansion identity, the lower index of the
summation must be zero. This is accomplished by letting q = k-m and 3
thus k = q+m. Then Eq (C-4) becomes a%
pY
p*" T #*7 sin®l(n+qsmels.510 )

A )<n+m¢1.azi ( 1+ 72,4
q=0

et !
L

g Ta Y e had
w

J¥ LA

[y

2 ‘
where 7 = ((1-p )hv)2 . Dealing only with the summation now, Euler’s

-

2Ry

identity can be used to expand the sine term, the series thus becomes

o

b )
2 .
Iy q(exp(j(n+q+m+1+.5)9)—exp(-J(n+q+m+l+.5)9))2
(C-6) A
.2.4q

2
. (24} (1+7 ) N
q=0 o o

> L
2 Iy “x *r
2

"J

K=

@, A
[ S
AN

o
!

L
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+ ;
i‘q'
i
s
a;,.
:‘:‘. o Expanding Eq (C-6), the summation can be written ;
ool ‘
J.
x
2 2 26

o 1 [ E pie”? Q ;
\ + 2| — - exp(2j8(m+n+1.5)) ;

1 2 . !
, (1+77) (1+7 ) ]
'5 q=0 :
R . '
: 2 =240

P e J a

,:'.a - — exp(-2j8(m+n+1.3)) {C-7)
o (147 °)
[)
M)
::" Letting
W

. 2 K
0 I . X
b — = T and g =z 8(m+n+1.3) (C~-8)

n (1+7 ) 9
R h¢
:n:. .
-~ the application og the geometric expansion identity brings the series
: R
oo remainder to
~ \
2j0 -2j0 ']

aXa 1 2 e e

o 3 - ’ - -2 - h
1 1-I 1_E62J9 1-Fe 26 . {C-9) by
\: )
\‘ Y
~ From this point on the manipulations are ncot unlike those in 3
‘ Appendix B. Rather than presenting the algebraic gobbledygool: the final ;
:: solution is just presented in Eq (C-10).

”

P, K.

..'

2m - . -

- o 1 rsin{J) ~cos{0) ]

y K = — + - {(C-10) e
: 20 1 + 72 )(n+m+1.:>) 145 :.42_" E2 -3;2+ EZ E
! »
.

Dz
Y | C = O(m+n+l1.35) Lz 1-fcos{28)
2
o (1+7 ) , N
A } = ((1-p" thv) E = Isin(26)
\

This result is used in the program MAIN2.BAS which ~omputes valies of

W the exponential characteristic function.
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,&: Appendix D

Software

This appendix contains the source code for some of the programs
that were written in direct support of of this thesis. Those programs
written in support of Part A of the analysis chapter are written
primarily in BASIC and were run under compiled TurboBasic . Those
programs written in support of Part B are in Fortran and were compiled
and run on the Vax 11/785 that was provided by AFWAL. Each program has
its own documentation and abstract; the titles of the programs are
listed below.

EXPOPDF.BAS: Calculates values for the exponential joint

= probability density function.
° MAIN.BAS: Computes values for the joint exponential
characteristic function.

GAMRAT.BAS: Determines the ratio of the gamma and factorial

terms in the second series of the exponential joint CF.

RCS2.BAS: Performs the numerical integration to get the

(RCS>/Area for exponential surfaces.

CORCOEFF .FCR: Builds a correlation matrix.

CHOLESKY.FOR: Finds the Cholesky square root of the

correlation matrix.

GESURF.FOR: (Generates random rough surfaces for different

statistics,

BUTID.FCR: Buils the data file for use by the RCS-Basin

o Seattering Code program.

N S LR ANy

pp g ran
o AR N s Lot

< e

Pl

B o Ko RS

Z 24l G

At A

Lo e s Yo Y 24

AR

e T T Tt
e,

N ¥
3

LA NN Y

LA YW,
-..-

' ‘,f‘.{'nf'- l.{' ¥

L T 7 T e ]

D O R L VIR R L T L N I UL U P e P \-\\.‘
el L o o e e SN o oy AN



10

fe e .

30
10

50
70
~
4 a0
: 100
110
! 120
30
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DAY

310

Xy

A A

v

sub EXPOPDF(v,p,z1,22,w) static

uﬁ&. E2 2223202322320 53323322200323333333 30372202325 20022300222293

K 1 X

'x Sub: EXPOPDF.BAS *

' x X

' Purpose: Calculates the value of the exponential ¥

B ' X pdf proposed by Dr. Pyati. L
. ' x X
b ' Input Parameters: X
i h = RMS surface height X

T p = correlation coefficient X

! % z1l = height at a point 1 X
o '*  z2 = height at a point 2 x
B ' x X
'*  Output Parameters: £

[ w = probabilty of getting z2 and zl ¥

¥ Tx X
TR RR IR KRR R R R AR R R R RO R R R Rk kb X

pi = d¥atn(l)
Calculate values for the sugnum functions and take absolute
values of zl1 and z2

sgnzl = 1 sgnzl2 = 1

if z1 < 0 then sgnzl = -1 end if

if z1 = 0 then sgnzl = 0 end if

if z2 < O then sgnz2 = -1 end if
2 =0 then sgnz2 = 0 end if

if zZ

abs(zl) : z2 = abs(z2)

Calculate the first term
terml = expl(-{(z1+z2)/(h¥{1-p~2)))/(4xh"2* (1-p"2))

Compute the zeroth ordered Bessel function
a =90 : x = sqr(zl¥z2)*2%p/(h¥(1-p"2)) ! x = X
call modbesl(a,xx,term2) ' the modified bessel function

Sum only the first 15 terms of the infinite seires of Bessel
functions
sum = 0

forn = 0 to 15

= 2¥n+l @ oxx o= X
all modbesl(a,xx,bessy)
m = bessy/a"2
=sum = sum+tm

if sum = oldsum then

goto 500

+ O P

end i f
oldsum = sum
nesx*t n
termd = sum(8/pil ) fegnzl¥senz?

Combine the terms to det the total solution
Wz terml¥(term+term’)
ored <ub
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? . .

" sub modbesl(a,x,bj) static

"': @ [ S A AE R A A A NN NE R N NS NS NS I N R A N N I I N G I N R IS N A N A A BN I A NN RN AT AL N AN A RS BN NS NS NN N N N NS N B A AN )

Iy

":.1 b b )
' Sub: MODBESL !

‘;;. 1 ?

&\. '’ Purpose: Returns the value of the modified bessel !

W ! function I !
’ ]

Y '  Parameters: !
’ a = order of the bessel function !

¥, . N ~ ‘.

:'; ! X = point at which bessel is to be calculated !

0 ' bj = returned value of the bessel function !

2 ' 3

,'

"V) I A A I A A A A A A A A AC AR R AN AN DN AN IR AR IR A AR AE IR AN AR AR IR RE AR AN AN BN AR AR IR R AR A AR AR AN A AR IR R AR 0 2R 0 B 2 B B )

if a = 0 then ’ Compute by polynomial approximation
if abs{x) < 3.75 or abs(x) = 3.75 then

?; t = x/3.75
|¢: bj = 1 + 3.5156229%t"2 + 3.0899421%t"4
‘,Q bj = bj + 1.2067492%t"6 + .2659732%t"8

N bj = bj + .0360768%t"10 + .0045813*%t"12
0 goto done

:3 end if

> if x > 3.75 then ,
o) t = x/3.75 \
v, bj = .3894228+ .01328592/t + .00225319/t72 -
‘i :f‘ bj = bj -.00157565/t"3 + .00916281/t"4

bj = bj - .02057706/t"5 + .02635537/t"6

N bj = bj - .01647633/t"7 + .00392377/t"8

\: bj = bj/{sqr(x)*exp(-x))

A goto done
%Jl end if

N end if
{" if a = 1 then ' Compute by polynomial approximation
-#3 if abs(x) ¢ 3.75 or abs(x) = 3.75 then
,: t = x/3.73 )
jh bj = 1/2 + .878390594%£"2 + ,51918869%t"1 *
- bj = bj +.15081934%t"6 + .02658733%t"8
NS bj = bj + .00301332%t710 + .00032411%t"12
B bj = w¥bj
" goto done )
Q' end if
N if x> 3.75 then
t = x/3.75

) bj .29894228 - .3988024/t - .00362018/t"2 ;
{) bj = bj + .00163801/t"3 - .01031555/t74 .

bj = bj + .02282967/t"5 - .02895312/t"6 )

" b.j bj + .01787651/t"7 - .00420059/t"°8
WS bj = bj/{sqr(x)*exp(-x))
goto done

- oA end if

IR end if .
f‘
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’ (sub MODBESL.BAS cont.)

§§E ! Use infinite series representation
\ for m = 0 to 10000

gosub NEWTERM

bj) = bj + term

if TERM < 1E-15 then

goto done
end if
next m

NEWTERM:
numer (x/2)"(2%m + a)
forn =1 tom
numer = numer / n
next n
for n = 1 to (m+a)
numer = numer / n

next n
1

return

999 done:
end sub
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- \
M
$l
o
-
3222323522 232233323033332333323233¢3 2302233232032 5333232223 : o
” 'r} ’ X ;\
’5& ' Prgm:GAMRAT.BAS X ety
] % .
-~
' Purpose: This program calculates the ratio of the * : y
! gamma function term to the factorial terms in the  x ::
! part of the exponential CF that was not put into ¥ ,.-:
! closed form. As set up, this program will output X .:-s
! the value of k needed for the ratio to be at least iy
! .99. This data is then used in the program that X ™
! calculates the CF (MAINZ2.BAS). %
) % N
! Algorithm: The program uses Stirling’s formula X pLe
! [Abramowitz & Stegun: 257] to represent the ¥ '.:
! values of the gamma functions and factorial X -
! terms. Logaritmic calculations are utilized to % !,.
! avoid overflow problems. % Y
! X Sy
2222223322232 2332333202320202 3332203020222 20 3222022208 ':,:
for n = 0 to 20 step 1 -
for k = 0 to 100000 step 100 ;
ul = log(n+tk+1.3) : um =(1+1/(12%{n+k+1.3)))+(1/(288%(n+k+1.5)72)) o
un = log(um) NN
vl = loglk+l) : v2 = log(k+2%n+2) -.‘:-C
vinl =(1+41/(12%(k+1)))+1/(288%(k+1)"2) : vml = log(wvml) N
vin2 =(1+1/{12%(2%n+k+2)))+1/(288%(2¥n+k+2)"2) : vm2 = log(vm2) a2
ﬁﬂ term = (2¥n+2¥k+2) xul+2*xum-k¥(v1+v2)-2¥n¥v2-v1/2-1.5%v2-vml-vm2 ]
! if exp(term)>.99 then >
print using " n = 334 k = #22233% ratio = by
£3, s22#83854" ;n,k,exp(term) j,:
goto 100 e,
end if !
next k 0
100 next n .
Z};
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’
X

X
'*  Prgm: MAIN2.BAS ¥
' g b 4
'* Purpose: Creates the values of the joint characteristic e
' % function of the exponential PDF. For correlation ¥
iR coefficient very near 1, this program takes a long X
'x time to calculate a single data point. As the X
' x correlation coefficient decreases, the infinte series X
' in the solution becomes less significant since it is X
X multiplied by the correlation coefficient raised to a X
' high power. Therefore, the program speeds up as it X
' X progresses. However, this program still tock 56 hours #
'k to complete using compiled TurboBASIC™ and the 8087 X
"% numerical coprocessor in the IBM PC. *
' % b 4
'* Algorithm: As with GAMRAT.BAS, Stirling’s formula is used %
' ¥ for the gamma functions and factorial terms while ¥
‘% logarithmic calculations are used tc avoid overflow. 3
i Otherwise, this program is simply a straight forward ¥
i implementation of the formulas derived in Appendixes %
'x A through C. X
' g b 4
't Input Files: None x
'$ Output Files: E:\THESIS\EXPO.DAT X
'y X
332222333223 23332332302033725320¢020232322F32S8¢222 2028 RaS S

*

Use double precision variables to reduce error.
defdbl a-h,0-z : defi % i-n

Setup parameters for the run of 3001 data points spaced .0002
correlation lengths apart with h¥vz = 10

pizi*atn(1)

v = 10.0 ' Value of Vz

space = ,0002 ' Spacing between data points
h=1.0 ' RMS value of the surface heights

npoints = 5001 ' Total number of points to calculate

Open a random access file to store the data points in
fouts="e:\thesis\expo.dat”

open fout$ as s1 len=8

field 21, 8 as cvals$

Tnerement from O correlation lengths to | carrelation lendth in
steps of .0002 cor. lens.
for ntow = 0 to npoints

tow = ntowkspace

p = expl-tow’2) 'Gaussian Cor Coefficient

gosub charfun 'Calc the CF

" Provide feedback to the user

print using " t=2.333% pz-3,s3s232 char=zz.zs3323"tow,p,char
' put the data in the file

Iset cval$=mkd$(char) : put sl
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;
\
: next ntow
{ ¥ close #1
q&? end
500 charfun:
IEEEEEEEEEEREEEEEREREEEEEEEEEEEE IR A A AR A RS A N NN N N A A
3 ' Sub CHARFUN !
h ’ ]
. ' Purpose: Evaluates the sums of the firts and second '
! series of the characteristic function solution !
! H
«f ' Input Parameters: !
R ! h = RMS value of the surface heights !
! ! v = Absolute vale of Vz !
r ! p = Correlation Coefficient ’
¥ ! 1]
' Returned Parameters: !
! ! char = Value of the characteristic function !
:‘ IEEEEEEEEEEEEEEEEEEEEEE S EEEEEEEEEEEENEEENEEEEEEEEEEE]
Y ’
5
! ' These are the 99% cutoff values where the ratio
) ' of the gamma and factorial terms becomes > .99
: ' {see Appendix C) and program GAMRAT.BAS
3 dim maxk(20)
) maxk(0) =100 : maxk(1l) =200
: maxk(2) =400 maxk(3) =600
ebl maxk(4) =1000 : maxk(3) =1500
o maxk(6) =2100 : maxk(7) =2800
' maxk(8) =3400 : maxk(9) =1200
: maxk(10)=1600 : maxk(11)=5000

U TS AT

maxk(12)=6100 : maxk(13)=6600
maxk(14)=7700 : maxk{15)=8300
maxk(16)=9100 maxk(17)=1C600
maxk(18)-11200 maxk(19)=12000
maxk{20)=13300

sum2 = 0 ' Initialize variable
if p = 0 then goto 900 ' Only the closed form portion is relevant
if p = 1 then
char =1
goto 999
end if

The portion of the solution which is left in summaticn form
{see Appendix C) is calculated first. The outer summation
is truncated after 21 terms whereas the inner series is
truncated based upon the ration of the gamma and tactorial
terms for a given (n). A remainder term is then addecd to
compensate for the truncation of the inner series.
Set up parameters that are constant within the loops
(1-p " 2)thky

t arn{—)
plo= lozip) @ ol = log(l+e72) tam=8¥(1-p~2)/pi~2
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forn = 0 to 20 ' Truncate the series at 20
anl = 2%log(2%n+1)

termk = O
for k = 0 to {(maxk(n)-1)
ul = log(n+k+1.5)
um = log(1+1/(12.0%(n+k+1.5)))
vl = log{k+1)
v2 = log(k+2+42.0%n)
vml log(1+41/(12.0%(k+1)))

vin2 = log(1+1/(12.0%(2.0%n+k+2)))
u=(2.0%n+2.0*%k+2)¥ul+2%uml-(k+.5) %}
uzu-(k+2.0¥n+1.3)¥v2-vml-1m2

st = (sin{(n+k+1.3)%t))"2

if st = 0 then goto 790

tnum = pl*(2.0%n+2.0*%k+1)+u
tden = anl+cl¥(n+k+1.5)
term = am¥exp(tnum-tden)

if term < 1E-10 then goto 793 ' to small to
term = term*st
termk = termk + term
next k
gosub remainder
sum2 = sum2 + termk + remain
next n
gosub sumone ' Get the closed form part of the so
char = suml + sum2
return

’

sumone :
R NN ]

’

Sub: SUMONE

Purpose: Caiculate the first series which has
a closed form solution {see Appendix B).

.- . e e

Algorithm: Implements Eq B.21

Input Parameters:

! h = RMS value of the surface heights
' v = Vz
! p = Correlation Coefficient

Output Paramteres:
suml = Summation of the first series

(RN EEEEEEEEEE A RN A AR RS A AN R 2R I A

sl = 1 4+ h™2%72%(14p~2)
sl2 = 1-h"6xv"6x (P 6-3xp~ 1+3xp~2-1)
s12 = S12-h™ v (P d+2%p 2-01 +h ™20 " 2% (p 2+

sumi=z si/sl2
return
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," IR AR RN RN EEEEEEEEEEE A IS I
@ ’ ’ s
' Sub: REMAINDER ’ k.
b ’ )
%
: ' Purpose: The second series of the solution has ! ;;
p ! been truncated at the point wherc the ratio of '’ )
' the Gamma functions and the factorial terms is '’ fg
’ at least .99. This routine calculates the ! 1
I ! remainder of that term of the series with the ! ,
! assumption that the gamma and factorial terms ! N
! completely concel. ! oL
? ’ e
By
' Algorithm: Implements Eq C.10 ! o,
y ' -
l ' Input Parameters: ! L
) ! h = RMS value of the surface heights ! s
: ! v = Vz ! hy
; ' p = Correlation Coefficient ! ‘
! t = theta angle {see Sub CharFun) ' )
’ c = shorthand (see Sub CharFun) ! N "
! maxk(n) and n = (see Sub CharFun) ! Ny
! pl, anl and cl= (see Sub CharFun) ! a:
t r e
’  Output Paramteres: ’ ¢
’ remain = the remainder ' <3
) ' ¥
'!9’l’Y)’)’)’)’177’,))’1””’i”‘l”””)!!”'i”'?f!lf’ .
* 3
sigma = 2%(maxk(n)+n+1.5)*t e
a = 1-p"2xcos(2¥t)/(1+c"2) : al = log(a) o]
b = p"2%sin(2%t)/(1+c"2) : bl = logib) 2;
albl = log(a"2+b"2) )
el = log(l-p~2/(1+c"2)) S
pl2 = log(1-p”2) N
rl = pl¥(2f¥(maxk{(n)+n)+1l)-anl+pl2-cl¥(maxk(n)+n+1.5) -~
rml = rl-el k:'
rm2 = rl+bl-albl g
rm3 = rl+al-albl )
remainz(exp(rml)+sin(sigma) texp(rmZ2icos(sigma)*exp(rm3)) Fﬂ
remain = remain¥d/pi~2 ¥

return

A Y
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‘ o 'x 3
Y 't Prgm: RCS2.BAS ¥
' % b 4
. '* Purpose: Calculates the values of the normalized X Yy
( ' RCS of the exponentially rough surface. ¥ ::
S 'y % o,
B ' Algorithm: Integrates Eq (87) using a Simpson’s % 4
3 "% approximation routine and the 5001 data points of the  * DY
' x eponential CF generated by MAINZ.BAS X
) 'x The Bessel function is calculated using a polynomial X t
. ¥ approximation taken from [Abramowitz & Stegun:369} * Q‘
N 'x ¥ !
A 't Input Files: E:\THESIS\EXPO.DAT x )
L 'x X -t
'¥ Output Files: E:\THESIS\JEXPO.DAT X .
' % X .
: 2222222232233 2233233223203323333320222300 300230237202 RS0 e: ~
‘
K defdbl a-h,o-z
y defint i-n
' expo will hold the data points for the exponential CF A
' value will hold the integrand value at the 5001 discrete ‘
' points :
' result will hold the vaule of the integral for the 13 '{
' different angles and the 6 values of atan(s) \
‘n.'n dim value(3001),result{15,6),expo(3001)
: @ pi=i*atn(1)
‘s
5 ' This section takes care of the initializaticn of the ;:
' ' arrays that are used in the bessel function :\
\ ' subroutine rather than reintializing the arrays ‘5(
: ' each of the 5001 times the routine is called.
dim jas(7),jb={7), joi#(7)
' Data for calcualtion of Bessel(x) for x<=3 :?
1 ja#(0) = 1.00 N
o ja#(1) = -2.2499997 : ja#(2) = 1.2656208 o
Jja®(3) = -.3163866 ;o Ja#(d) = 0443447900 3:
jaz(5) = -.0039444 : Jja#(8) = .0002100
: ' Data for calcualtion of Bessel(x) for x>3 3
a jes(0) = .79788156 @ jc#(l) = -.00000077 :ﬁ
‘ je=(2) = -.00552740 : jcs(3) = -.00009512 o
X jes(d) = .00137237 @ je#(3) = -.00072805 NS
y Jjeog=(6) = .00014476 '
Jjb%(0) = 3.00 : jb#{1) = -.78539816 =
jb=(2) = -.04166397 : jb#(3) = -.00003954 R
1 jb=(4) = .00262573 : jb#(5) = -.00054125 ¢
' jb#(6) = -.00029333 : jb#(7) = .00013558 ?{
e
open "E:\THESIS\EXPO.DAT" as 21 len=8 :
field 21, 8 as cvals$
: print "Getting data from data file.” A
D &,3 for n=l to 5001 .
1] v,
2
132
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get #1 : expo(n)=cvd(cvals)
&:‘ next n
close #1
(RCS2.8AS cont.)

R T

space=.0002

h=1.0:vz=10.0

x1 = 1/(1+h"2%vz"2) ’ One dimensional Char Func
for ang% = 0% to 70% step 5%

e

nang = nang+1% ' counter for result(nang,nslope) .
rang = pi¥*ang%/180 ' -
for m = 5% to 30% step 5% ?&
nslope=nslope+l ’ Slope index counter ’
' Scale the wavenumber (ck) according to the angle of 7
" incidence and teh mean surface slope
ck = 10/{(tan(m¥pi/180)*cos{rang)) »
vx = 2*ck¥sin(rang) '’ :
for n = 1 to 5001 ~
tow=(n-1)*space
arg = vx¥tow ' Bessel argument Y,
if {arg<3 or arg=3) then v
gosub BESLLOW Rt
else -i
gosub BESLHI ::
end if :a
value(n) = tow¥jO#*(expo(n)-x1-2)*2%ck"2 N
"'* next n :
locate 1,1:print ang%,m -
‘ npoints=5001 -3
. call simpson(value(),npoints,space,result(nang,nslope)) :.
next m Z:'
1 next ang% e
' Transfer data to a file E}
open "E:\THESIS\JEXPO.DAT" for output as %2 7
for nslope=1 to 6 :ﬁ
for nang = 1 to 15 s
print #2,nslope%5.0, (nangl)*5.0,result(nang,nslope) t
next nang
next nslope 3
end NG
1
: N4
b ..
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? ]
' Zeroth order Bessel function polynomial !
' approximations. Taken from Abromowitz and Stegun. '
? ?
' Input Parameters: !
! Coefficient Arrays = Filled in main prgm !
! arg = argument of the bessel function !
H y
' Returned Parameters: !
! Jj0# = Value of the bessel function ’
1 13
1!)7!1’!"1,)’)’!’”11!911)"1’9’1’)7’7171’1’1)9’1’!’)91
BESLLOW:

jo#=0.0

for nbl% = 0 to 6

JO0% = j03 + ja#(nbl%)*(arg/3)"(2%nbl%)

next nbl%

return
BESLHI:

theta#=0.0:f0#=0.0

for nbl% = 0 to 7
theta# = thetas + jb#(nbl%)*(3/arg)”(nbl%-1)
next nbl%

for nbl% = 0 to 6

fO# = f02 + jec#(nbl%)*(3/arg) "nbl%
next nbl%
JjO# = arg”(-1/2)xf0#*cos(theta%)
return

sub simpson(f#(1),n%
LI IR AR |

,n#,result?) static
2119292999939 9819 1991y ?

?
’ 1129 TN PN YYST YN YY) YYYIYEYEYYYOY Y

?

' Sub: SIMPSON

1

" Purpose: Performs a Simpson's approxomation
Integration. Algorithm taken from 'Applied
Numerical Analysis by Curtis F. Gerald.

¥
!
!
1]
'
'
¥
Input. Parameters: !
f=(1) = a one dimensional array of data points !
! n% = the number of data points in the array !
! hs = the spacing between the data points !
]
Returned Parameters: !

results = the approximated value of the integral !
]

0]71'1!"'11'1'l”’!lll'!!”lY'!)Y!Y')”I7'?"71’7"’7)1

local 1%,npanel%,nbegin%,nhal f%
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' Check to see if the rumber of panels is even

@ npanel% = n% - 1 o
nhalf% = int(npanel%/2) ')
nbegin¥% = 1 !
result% = 0 K
if npanel% - 2%nhalf% = 0 then :"
‘ goto EVEN " ::
) end if S
‘ ' Number of panels is odd. Use 3/8 rule on first three o
| ' panels and 1/3 rule on the rest of the panels. R
| result? = 3xh#/8% ( f4(1) + 3*%f%(2) + 3xf#(3) + fz(4) )
| nbegin% = 1 3
. EVEN: ’ ;
: ' Apply 1/3 rule, add in first ,second, and last ~
| ' values. EN
rtemp#= h#/3 * ( f#(nbegin) + 4*f#(nbegin+l) + f#(n) ) oy
result# = result# + rtemp# o
nbegin% = nbegin# + 2 "f"‘
l if nbegin% = n% then "
t goto DONE uﬁw.
, end if K
) “
' The pattern after nbegin+2 is repetitive. :§
ﬁ (RCS2.BAS subprogram SIMPSON cont.) >
' Get nend, the place to stop. ::‘.\
nend¥% = n%-2 N
for i% = nbegin% to nend% step 2 ‘::
result# = result# + h#/3 * ( 2%f#(i) + $x£4(i+1) ) ey
next i% )
' o
"
DONE: QS
end sub Ry
"?_"
.
An?
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Prgm: CorCoeff.FOR

Purpose: Fortran program to create a file containing

the values of the correlation matrix.

Algoritm: Corrleation is a function of the distance

the horizontal (b) and the vertical (a) distance
between two points and then solving the right
triangel equation to find the hypotenues (d).

Following this, the Gaussian Correlation coefficient

equation is applied.

parameter(n=15,n2=225,space=.3)
virtual ceeff(n2,n2)

real*16 coeff,a,b,d

integer corrow,corcol,refrow,refcol

CEERRR KRR R KR KRR KR KRR XK R KRR KRR KRR KR KRR KRR KR RR KX
C
C
Cc
C
C
cC
Cc
C
C
C
c
o
C
C

X
%
b 4
X
%
%
b 4
(d) between two points. (d) is calculated by finding *
¥
%
¥
R 4
b 4
X
¥

R KRR R KRR KRR KR AR R KRR RNk KX

Create lower triangle of corr. matrix (symetric matrix)

do 33 i=1,n2

calculate the row point (i) is in (reference Fig.(21))

corrow = ({(i-1})/n)+1)

claculate the column point (i) is in

corcol = i-{{corrow-1)*n)
write(6,%) i
do 31 j=1,i1

calculate the row point (j)} is in

refrow = (((j-1}/n)+1)

calculate the column point (j) is in

refcol = j - ((refrow-1)%n)
the vertical distance (a)
a = {(corrow-refrow)¥space
the horizontal distance (b)
b = (corcol-refcol)*space
d = sqrt{axx2+b*x+2
coeff(i,j) = exp(-d*xx2)
~ont1nue
cont inue

open(unit=1l,name="rorgl.dat’,status="\NEw')

do 131 = 1,n2
write(6,%) 1
do 41 j=1,i
write(1l1l,¥) coeff(i,j)
continue
cont.inue
close(unit=11)
S.‘np
~nd
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M C  Prgm:CHOLESKY.FCR %
C ¥
C Purpose: Finds the Cholesky square root of the X ;
C correlation matrix. * -:.,
C ¥ ~
C Algorithm: Implements Egs (xx) through (x:). L ;;:
C ¥
C Input Files: The correlation matrix file created by * o
C CORCOQEFF.FOR * it
C Output Files: The lower half of the Cholesky matrix. x 4
C X :n,
23233 2T R T TSI TS eSS TS TS L2 RS 22S ! o~
,
.
parameter(n2=225) o
virtual cor(n2,n2),cho(n2,n2) :
realx16 cor,cho,sum s
open{unit=11,name="corg3.dat’,status='0LD’) "
C Input the correlation matrix (lower triangle) K\
do 33 i=1,n2 3
write(6,%) 1 oy
do 31 j=1,i ot
read(11,%) corl(i,j) o
31 continue o
33 continue I
f»- close(unit=11)
4 c decompose into Cholesky sqrt. A
do 43 k=1,n2 4]
do 41 i=1,(k-1) 3¢
= 0.0
do 40 j=1,{i-1) o
sum = sum+cho(i, j)*cho(k,j)
10 continue =
cho(k,i)=(cor(k,i)-sum)/cho(i,1i) IN
41 continue S
= 0.0 -
do 42 j=1,(k-1) ',-;
sum = sum+cho(k, j)¥*2
12 continue Py
cho'k,k) = sqrt{cor(k,k)-sum) :. ]
13 continue )
) Ouput data to a file A
open(unit=11,name='chog3.dat’, status='NEW’ ;"
do 53 k=1,n2 -
do 51 i = 1,k 3
write(11l,%) cho(k,1) .
51 continue .&
write(6,%) k Y
53 continue R
close(unit=11)
.::. stop :
ot ened N
) d
Y
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Prgm: GESURF.FOR

N
*

Purpose: Generate the data which represents the rough
surface.

%
X
X
X
X
¥
Algorithm: Implements Eq (xx) to generate a set of X
correlated data points, each of which represents the X
surface height at a given point. There are two basic X
parts of this program. The first part generates the ¥
vectors of uncorrelated Gaussian and exponential surface %
heights using a Monte-Carlo technique. The second part
multiplies this vector by the Cholesky sqrt of the ¥
correlation matrix to get the vector of correlated X
surface heights. X

%

X

X

¥

%

Input Fiies: The Cholesky sqrt file generated by CHOLESKY
Output Files: A Gaussian and an exponential surface file.

oNoNoNo NN RO NONONONONO NGO NP NONONORONS]

(2222022002232 2 2200202200253 523202232333232 3333323233 ¢33 ¢33

parameter(n2=225)
virtual cho(n2,n2)
dimension g(n2),e(n2),sg{(n2),se(n2)
integertd seed
real*8 ul,u2,api,gval,eval
character*1l infile,gfile,efile
write(6,10)
format(1x,’inputting cholesky data file )
format(1lx,’input output gaussian file name’)
format (1x,'input output exponential file name’)
get data from the Cholesky sqrt file.
open(unit=z11,name=’'chog3.dat’,status="0OLD"’)
do 34 i=1,n2

do 33 j=1,1

read(11,*) cho(i,j)

continue
continue
close{unit=11)
continue
Assign name for the Caussian surface file
write(6,11)
read(5,%x) gfile
Assign name for the exponential surface file
write(6,12})
read(Z,¥) efile
write(6,40)
Input a random number generator seed to make this a unique
set of surfaces
format(1x, ' input seed’)
read(3, %) seed
apt = l¢tatan(1.0)
kount = ]

N,
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(Prgm GESURF.FOR cont.)

Monte-Carlo methos of generating uncorrelated Gaussian
surface heights. The maximum height possible of being
generated is 5 standard deviations. The variance is set
to 1
ul ran(seed)
ul (ul-.5)%10.0
u2 = ran(seed)
gvalzexp(-ul**2/2.0)/sqrt(2.0%api)
if (u2 .1t. gval) then
g{kount) = ul
kount = kount+1
end if
if (kount .le. n2) go to 50

SRR

P
1‘:'.’

Create the uncorrelated exponential data by Monte-Carlo
kount = 1
ul = ran(seed)
ul {ul-.5)%10.0
u2 = ran{seed)
eval = exp(-sqrt(ul¥x*2))/2.0
if (u2 .1t. eval) then
e(kount) = ul
kount = kount+l
end if
if (kount .le. n2) go to 60
open the output files
open{unit=11,name=gfile,status='NEW’)
open{unit=12,name=zefile,status=z’'NEW’)
perform the matric /vector multiplication and output data

]

27,

AT e
o <

I‘:.)* A%

"’

T _a_x_y
o

v Yy

<

-;;! - v‘(‘: A

iy

sg (i sg(i)+g(j)*cho(i,j)
se(i) = se(i)+e(j)¥choli,j)
write(6,%) cho(1i, j)
continue
write(11,%) sg(i)
write(12,%) se(i)
cont inue
~lose{unit=11)
clnse(unit=12)
loop back to create ancther surface if desired.
format(’' Input a 1 if go again, -1 to stop.')
write(6,80)
read(6,%) nagain
if (nagain .EQ. 1) then
go to 35
end if
stop
endd
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C  Prgm: BUILD.FOR % 4
i c X )
C Purpose: Builds a data file on the format required by X ¢
C the Radar Cross Secticon-Basic Scattering Code from ¥ Q
C the surface files created by GESURF. * h
C ¥ ’
C Algorithm: Outputs the proper control codes and ¥ g
C parameters to have the RCS-BSC operate in the perfect ¥ ]
c conductor, physical optics mode and at the proper X <y
] C frequency. Also, outputs the scaled surface data as ¥ N
y C 392 flat triangle so that there are no convex/concave % %if
C surfaces. ¥ N
C x 14
C Input files: A surface file created by GESURF X }.
C Output files: A data file for input to RCS-BSC ¥ P;
C X W
b (0222320223222 3320°2233320332280222220023320523323302332333333¢333 :::
/ 3
! parameter(nblock=14) ¥
dimension z(15,15),plate(392,3,3) \
- space=1.0/(nblock*1.0) I\
f api=4*atan(1.0) N
o
C Input the mean surface slope required. g‘
Q?L write(6,4) o
’ read(5,%) s o
i 1 format(’ Input the atn(s) angle’) N
1 a2
C Calculate the scale factor to multiply the heights by. ﬁ
c Use the equation atan(s)=z2h/l and the fact that the b:
C surfaces were generated with h=1. Thus h=atan(s)x1/(2). \
’ Cc Since there are a total of (14%.3) correlation lenghts in 3
) C each direction of the surface, a single correlation length f:'
R C is equal to 1/{14%.3) units. Therefore, the scale factor -
C becomes \
scale=tan(s*api/180.0)/(28.%.3) o
C Cpen a surface data file and read in data. : <
5 format(’' Opened .dat’) -
open{unit=11,name="G8.dat’,status="0LD") "
write(6,5)
k do 30 i=1,15 :
do 20 j=1,15 )
read(11,%) z(i,j) Gt
C write(6,%) z(i,J) S
20 continue oy
30 continue Q:4
close(unit=11) o
)
> 2
v
140 o
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Yy
(Prgm BUILD.FOR cont.)
Ry %
e Cc Calculate the x,y and z coordinates of each corner of the de
C triangle to be input to the program as an individual plate. !}
do 50 n=1,nblock >
write(6,¥) n b*
do 40 m=1,nblock ﬁ?
nop=(n-1)*2*nblock+(2*m)-1 A
plate(nop,1,1)=(m-1)*space a¥>
plate(nop,1,2)=(n-1)*space ~
plate(nop,1,3)=z(n,m)¥scale W
plate(nop,2,1)=mtspace "
plate(nop,2,2)=(n-1)%¥space :\j,
plate(nop,2,3)=z(n,m+1) *scale P
plate(nop, 3, 1)=m*space o
plate(nop,3,2)=n*space !;
plate(nop,3,3)=z(n+l,m+1) ¥scale s
\-::'v
C Calculate total surface area of the surface NN
delx=(plate(nop,2,1)-plate(nop,1,1))**2 ii‘
delz=(plate(nop,2,3)-plate(nop,1,3))**2 ®
xlen=sqrt{delx+delz) i
dely=(plate(nop,2,2)-plate(nop,3,2))**2 Q;'
delz=(plate(nop,2,3)-plate(nop,3,3) ) x*2 A%
vlen=sqrt(dely+delz) o
areazarea+(xlentylen)/2 &i
&*' nop=nop+1
plate(nop,2,1)=(m-1)¥space o
plate(nop,2,2)=n*space yﬁ%
plate{nop,2,3)=z(n+1,m)*scale o
do 39 nk=1,3 &
plate(nop, 1,nk)=plate((nop-1),1,nk) N

plate(nop, 3,nk)=plate((nop-1),3,nk)
39 continue

v

i g™
delx=(plate(nop, 2, 1)-plate(nop,3,1) )¥*2 S
delz=(plate(nop,2,3)-plate(nop,2,3))**2 o
xlen=sqrt(delx+delz) ?ﬁ
dely=(plate(nop, 1,2)-plate(nop,2,2) ) x*2 ﬁb‘
delz=(plate(nop,1,3)-plate(nop,2,3))*x2 »

vlen=sqrt(dely+delz)
areazarea+(xlenxylen)/2
10 cont.inue
50 continue
write(6,75) area
75 format(’ Area = ',f10.7) o
C Output to RCS-BSC file ;’
C while setting parameters "
open{unit=11,name="G8RCS.DAT’ ,status="NEW' ,carriagecontrol=""O\T " y!
100 format( f10.8,',’,f10.8,7,'f10.8)
105 format('PG: ")
2 107 format.('3’)

Y 110 Format('TO: ")
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115

QE} 120

125

126
127
128

130
135
140
145
150
155
160
165
170
175
176
177
178
180
185
190
195

200

format('F,F,F,F’)
format('F,F,F’)
format('F’)

(Prgm BUILD.FOR cont.)
format('T,F,F,F,F,F’")
format('F,F,F’)
format('F,F,F,F")

{Prgm BUILD.FCR cont.)
format('UN:")
format(’1’)
format{'PD:"’)
format('0.0,0.0,90.0,0.0")
format(’'F,9C.0";
format(’'-90,90,3?)

)
format ('BK: ') o
format(’0.0") X
format ('PP:’) N
format('T") t y
format('T,3.,3.") bt
format(’0.,90.,10.") )
format(’0.,30.,10.") "
format(’'LP:") o
format(’'T’) o~
format('FR:') -
format(’'3.46") v
last one is frequency Ghz b
write(11,110) o
write(11,115) "~
write(11,120) T
write(11,125) r:‘
write(11,126) n
write(11,127) >
write(11,128) :
write(11,130) W
write(11,135) o)
write(11,1140) LY

write(11,1315)
write(11,130)
write(11,153)
write(11,160)
write(11,165)
write{11,170)
write(11,175)
write(11,176)
write(11,177)
write{(11,172)
write(11,180)
write(1!,135
write({ 11,190}
writs{11, 1035

continue "
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{(Prgm BUILD.FOR cont.)

Ouput (x,¥,z) of triangle points
do 250 i=l,2*nblock¥nblock
write(11,105)
write{11,107)
do 220 j=1,3
write(11,100) plate(i,j,1),plate(i,j,2),plate(i,j,3)
continue
continue
formati'XQ:’)
format ("EN:’)
write(11,300)
write(11,305)
close(unit=11)
stop
end
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Appendix E

Computer Generated Rough Surfaces and

their Computed Radar Cross Sections

This appendix contains the graphs of the computer generated Gaussian
and exponential surfaces along with tables of the computed RCS values.
The tables contain the predicted RCS's for each accompanying figure at
discrete angles from normal incidence (0°) to edge on incidence (90°).
The RCS’s are tabulated for two different frequencies, 5.76 Ghz and
17 Ghz, and for two different values of mean surface slope (atan(2h/1)).
Therefore, there are four sets of RCS’s values associated with each
surface. The combination of a 5.76 Ghz frequency and a mean surface
slope of 57 results in a Rayleigh parameter of hk=5. A mean surface
slope of 25° at 5.76 Ghz results in hk=16. When the frequency is
increased to 17 Ghz, hk=27 at 3° and hk=83 at 25°. Each table also
includes the physical optics RCS values for a perfectly flat plate at
the two frequencies for comparison. All computations assume perfect
conductivity. Figure E.21 is added to contrast surfaces with a mean

slopes of 5%and 25°.
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TABLE E.1

3

{RCS>/Area in dBsm

.

2]

Gaussian =01 Flat . q
............... QLA EIEE e O8SNEEIR2E i
Ang hk=5 hk=27 1 hk=16 hk=83 k=114 k=357 .'EI
(M
0 14.79 19.12 ' 0.34 -11.07 36.20 16.08 %
5 16.21 16.50 1.82 1.47 10.55 5.64 i
10 6.71 5.84 13.91 1.86 8.73 7.54 X
15 ~-1.93 -11.18 -9.37 0.59 6.25 6.13 el
20 -14.31 -11.21 11.28 7.71 3.74 -3.96 W
23 -10.70 -25.35 €.27 5.27 1.18 -20.52 .
30 -9.72 -13.11 1.63 1.79 -1.28 -5.54 o
35 -9.153 -18.38 | -0.71 3.60 -11.€9 -7.33 QY
10 -12.61 -13.28 ¢ -6.35 -11.73 -2.75 -20.6€5 4
i5 -15.09 -17.21 : -15.94 -11.28 -8.26 -5.93 ]
30 -23.09 -25.19 ¢ -18.03 -29.15 -17.30 22.52 -
35 -17.29 -20.73 . -20.53 -25.09 -14.19 -19.59 by
60 -16.43 -33.70 | -15.54 -25.06 -9.85 -10.08 A
65 -17.58 -19.27 § -21.13 -16.52 -37.22 -41.25 <7
70 -15.28  -23.18 | -17.70  -35.32 | -17.25 -17.77 e
75 -18.57 -26.54  -21.99 -21.46 -21.47 -19.83 e
80 -31.81 -21.51 ; -27.85 -23.77 -28.48 -31.13 N
853 -26.11 -28.05 . -24.32 -16.06 -28.15 -30.60 >
o 90 -36.35 -28.13 | -21.81 -13.91 -999992 -99999 \
\i' ~¢x
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TABLE E.2
.: ¢
ev_ (RCS>/Area in dBsm ?'-
Gaussian 02 Flat ;:;
atunisr=s atan(s>»=25 ":x‘.
Ang .hk:o ............. r lksz.T,. ........ r.] "('slé"""";"‘ga"é .......... k.;l.li .............. k zé‘é::-. ;\::
1 n'
0 18.31 16.55 ? 6.25 6.29 36.20 46.08 A
5 19.91 19.99 0.61 4.24 10.55 5.64 hAYH,
10 5.92 2.36 -4.31 6.90 8.73 7.51 e
15 -2.65 -7.35 1.86 5.46 6.25 6.13 A,
20 -5.51 -13.23 6.15 3.64 3.741 -3.96 ol
23 -3.76  -15.72 9.80 -7.68 1.18  -20.52 &
30 -18.99 -18.87 T.68 5.44 -3.28 -5.54 L
33 -12.03 -14.50 5.32 -0.20 -11.69 -7.33 hOW
10 -17.51 -18.49 . -0.12 -2.19 -3.75  -20.65 o
15 -15.03 -20.61 -3.92 -6.94 -8.26 -5.93 e
50 -12.45 -15.85 | -14.56 -13.76 | -17.30 -22.52 R
55 -23.07 -18.95 -17.84 -17.11 -14.49 -19.59 N
60 -15.01  -17.93 | -15.65 -17.44 -9.85 -10.08 :ar
65 -23.19 -31.51 -12.16 -26.00 -37.22 -31.25 i~
7 -16.€7 -22.73 -21.20  -20.25 -17.25 -17.77 NS
75 -19.96 -24.77 -22.086 -28.97 -21.47 -19.83 Y
80 -25.53 -17.39 -21.03 -26.48 -28.18 -31.13 Qf
s -25.432 -33.98 -15.95 -20.98 -28.15 -30.60 ® |
.. 90 -30.02 -30.19 -15.14 -15.39 -99999 -99999 <
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TABLE E.3 7
&
‘:;: <RCS>/Area in dBsm .
P %
{ Gaussian 03 Flat :{
e 38ARCS 25 L QYANCE2225 3
Ang T Thk=s hk=27 | hk=16  hk=83 k=114 k=357 ;\
}
-
0 11.36 16.36 :  7.52 4.46 36.20 16.08 -
: 5 11.13 13.57 | 8.22 -9.18 10.55 5.64 By
- 10 -1.98 -1.14 §  1.97 3.31 8.73 7.54 o
‘ 15 -14.04 -0.23 ¢ 5.14 -1.41 6.25 6.13 o
‘ 20 -8.16  -12.31 | -11.63 1.58 3.74 -2.96 o
25 -7.25  -25.38 . -12.37  -10.2 1.18  -20.52 .
30 -11.17  -15.83 ©  5.46 3.44 -1.28 -5.51 =
35 -11.18  -18.82 | -10.50 5.07 | -11.69 -7.33 o
: 10 -12.96  -26.90 | 2.77 3.90 -3.75  -20.65 G
; 15 -11.00  -16.14 .  2.31 -8.51 -8.26 -5.93 ey
50 -9.97  -28.52 | -10.17 -5.38 | -17.30 -22.52 .
55 -17.78  -27.09 | -7.01 -13.40 | -14.49  -19.59 ;
60 -14.69  -24.53% | -9.23 -22.2 -9.85 -10.08 ]
65 -20.23  -25.69 . -11.40 -17.07 | -37.22  -11.25 -~
70 -25.83  -25.31  -18.13  -26.89 | -17.25  -17.77 ol
75 -27.65  -22.78 | -23.57 -31.47 | -21.47 -19.83 o4
80 | -23.87 -18.21 . -17.67 -26.36 | -28.48  -31.123 &
85 -25.86  -21.91  -22.03  -20.60 | -28.12  -30.60 .
<y 90 -29.62  -30.41  -15.47  -16.10 | -9999%  -99999 7
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TABLE E. 1

‘RCS>/Area in dBsm

Gaussian =04 Flat
atan(s =5 aQtan(si>=z5s
B Bl STy e
!
29.28 26.90 T 6.23 8.47 36.20 16 .
3 .21 .37 6.70 6.18 10.3% 5.
10 T.22 1.03 9.2 1.28 8.73 7.
13 2.432 0.36 2.54 1.411 6.25 6.
20 1.28 -12.13 1.21 -3.19 3.741 -3.
23 -1.9¢9 -11.63 -3.193 -2.31 1.18 -20
7 -2.32 -R.28 -17.932 -12.32 -1.28%8 -3.
2z -12 3 -16.43 -11.01 -24.25 -11.69 -7,
10 -5.64 -12.12 -21.13 -31.19 -3.75 -20.
15 -17.91 -18.32 ~-21.72 -23.2 -8.26 -5..
50 -33.50 -12.72 -21.90 -22.14 -17.20 -22.
33 -29.19% -12.96 -19.413 -26.90 -14.419 -19.
60 -12.83 -13.52 -22.33 -19.81 -9.85 -10.
63 -21.31 -21.97 -28.986 -26.43 -37.22 -31.
70 -16.25 -25.03 -23.97 -21.24 -17.25 -17.
75 -20.42 -20.70  -25.69 -25.63 -21.47 -19.
80 -29.43 -21.02 = -231.09 -28.07 -28.48 -31
85 -29.56 -341.32  -27.34 -17.05 -28.15 -30
90 -36.28 -34.10 : -20.60 -18.70 -99999
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TABLE E.5 ]

r.- {RCS>/Area in dBsm ‘

It

1S g
) Gaussian =205 Flat o
. @tan(sd s L avan¢sd=25 ke N
Ang hk=5 hk=27 : hk=16 hk=83 k=114 k=557 2

4
[

0 24.99 26.30 @ 11.36 5.55 36.20 16.08 71

5 10.01 -6.03 0.57 5.54 10.55 5.64 ;

10 -12.67 -10.83 13.33 8.82 8.73 7.54 ot

13 -4.07 -12.19 6.31 6.21 6.25 6.13 2z

20 -14.18  -16.63 0.79  -19.23 3.74 -3.96 3z

23 -10.61 -16.40 -6.52 -6.10 1.18 -20.52

30 -8.94 -16.053 -5.34 -12.85 -4.28 -5.54 3

35 -9.79 -23.31 -20.27 -23.71 ~11.69 -7.33 \
10 -12.15 -20.79 -16.71 -20.42 -3.75 -20.65 Ry
13 -10.12 -24.87 -26.73 -20.01 -8.26 -5.93 B,

50 -12.11 -29.71 -21.40 -26.18 -17.30 -22.32 o

55 -11.99 -22.62 | -21.08 -23.48 -14.19 -19.59

60 -13.87 -18.45 | -28.22 -25.36 -9.85 -10.08 ™

65 -25.13 -39.13 . -22.75 -32.93 -37.22 -41.25 =

70 -21.51 -38.28 | -26.35 -37.09 -17.25 -17.77 :

75 -24.91 -23.10  -23.74 -29.82 -21.47 -19.83 -

80 -21.85 -21.16 . -23.18 -21.08 -28.18 -31.13 -3

85 -27.83 -43.52 -27.68 -25.39 -28.15 -30.60 )

s 30 -28.82 -35.41 -14.12 -21.19 -99999 -99994% A
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CAUTETAN SUNTATE B, ATANC(S) = 25 des

TABLE E.€

¢RCS>/Area in dBsm

Gaussian =0¢€ Flat
grants)=d atanesr=20
\ng R R el R o e
|

0 23.92 18.99 ? 12.52 3.986 36.20 16.08
3 19.97 -0.36 14.17 6.11 10.55 5.64
10 12.57 6.32 1.16 3.12 8.73 7T.54
15 -6.07 -2.79 6.18 -5.52 6.25 6.13
20 -17.436 -3.51 3.94 -6.24 3.74 -3.96
253 -3.29 -10.59 2.97 1.12 1.18 -20.52
30 -18.39 -17.00C 10.61 2.31 -1.28 -5.51
33 -16.490 -28.83 -32.72 3.72 -11.69 -7.33
10 -13.56 -21.80 5.50 2.416 -3.75 -20.63
13 -13.90 -17.54 -2.31 2.71 -8.26 -5.970
50 -10.32 -17.80 0.81 -7.37 -17.30 -22.52
55 -20.02 -17.70 -13.40 -12.51 -14.1489 -19.39
50 -14.29 -31.50 -14.42 -16.74 -9.85 -10.08
65 -26.145 -21.12 -19.43 -25.33 -37.22 -341.23
70 -21.99 -29.432 -11.23 -22.68 -17.25 -17.77
75 -24.50 -28.51 -19.07 -30.77 -21.47 -19.83
80 -24. 44 -16.23 -38.53 -18.06 -28.418 -31.13
85 -28.04 -38.50 -20.80 -21.66 -28.15 -30.60C
31 -32.33 -16.83 -17.993 -32.30 -99999 -993939
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CAUSTTAN SURFATY @7, ATancs) = 25 dey

TABLE E.7

<RCS>/Area in dBsm

Caussian =07 Flat
atunts)=5 atanis)=25
ne B E 1 Sy S oy g
{

0 11.81 23.90 g 0.68 -2.83 36.20 16.08
3 8.19 16.76 6.26 -0.27 10.55 5.64
15 8.13 7.23 2.17 -2.39 8.73 7.54
15 -6.15 -19.06 9.80 -5.65 6.25 6.1
20 -16.13 -10.13 -1.41 2.69 3.74 -3.96
25 -13.25 -12.2 6.02 -13.37 1.18 -20.32
30 -17.07 -26.28 -3.07 -2.23 -1.28 -5.54
nZ -10.21% -23.90 5.78 -3.13 -11.69 -7.33
10 -15.45 -20.80 -3.77 2.17 -3.73 -20.65
13 -11.71 -20.54 -3.33 -14.91 -8.26 -5.93
50 -14.76 -16.66 -13.91 -24.5¢C -17.30 -22.52
53 -17.33 -20.822 -10.51 -28.€9 -14.49 -19.:29
60 -1 83 -21.67 -24.614 -30.06 -3.85 -10.08
65 -23.39 -28.84 . -15.50 -25.62 -37.22 -41.25
70 -18.46 -30.99 : -21.60 -23.80 -17.25 -17.77
73 -21.38 -234.93 -28.55 -31.28 -21.47 -19.83
80 -26.40 -20.11 : -36.55 -30.87 -28.48 -31.13
85 -25.11 -35.64 . -18.415 -25.63% -28.15 -3C.60
90 -29.28 -32.28  -15.01 -17.73 -99999 -39999
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CAUSTSTAN SORFRCE 86, ATANCE)Y = 25 deg
-
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v:' 2
e
3
.I.,
e
' )
| ol
. Wl
: 87
; o
' !&
' "
s
o
o
I L
gt
A
TABLE E.8 WY
o
éfL <RCS>/Area in dBsm N
1 '
o
1 Gaussian £08 Flat i
' ....atanCs>=5 1 atan¢sye2s | 3
i ang RS e AR R LA e e o
I 1 |1
T
0 26.20 21.81 9.54 3.08 36.20 16.08 } e
5 12.20 7.08 1.19 12.16 10.55 5.64 o
10 10.57 11.41 1.87 9.72 8.73 T.54 e
13 1.16 -3.26 -3.69 3.71 6.25 6.13 o
20 -2.07 -11.98 -5.98 3.93 3.74 -3.96 X
25 -3.20 -19.01 0.38 8.41 1.18 -20.52 -
30 -8.41  -14.08 3.23 -2.86 -1.28 -5.54 b,
35 -21.74 -20.29 1.19 2.00 -11.869 -7.33 e
10 -6.99  -19.97 1.80 .3 -3.7 -20.65 0y
15 -15.49 -18.86 2.60 - .16 -8.26 -5.93 “
50 -17.01  -17.48 -6.13 -~.47 | -17.30  -22.52 S
55 -24.15 -17.38 -5.18 -14.214 -14.49 -19.59 :‘
60 -11.86 -21.23 -23.22 -19.62 -9.85 -10.08 L
65 -22.91 -24.58 -15.66 -25.00 -37.22 -11.25 o~
70 -16.68 -22.36 -13.14 -26.75 -17.25 -17.77 ol
75 -19.81 -22.14 -21.61 -25.36 | -21.47 -19.83 }
80 -26.61 -19.18 -15.24 -22.22 -28.48 -31.13 bt
85 -26.16 -17.67 -18.27 -16.03 -28.15 -30.60 L
. 90 -36.09 -32.19 -22.03 -17.68 -99999 -99999 s
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TABLE E.9Q e
St
e {RCS>/Area in dBsm
6
3
Gaussian 509 Flat 3:-‘
atanCs>=5 i atanc¢s)=25 | 0
\ng L I o ol I T e
| B
|
0 15.36 16.07 i -2.16 4.014 36.20 46.08 o,
5 12.95 13.82 11.56 11.27 10.55 5.64 o
10 -3.28 -11.40 1.16 1.95 8.73 7.51 ~
15 -9.25 -10.014 0.67 2.37 6.25 6.13 s
20 -13.72 -9.65 0.47 13.71 3.74 -3.96 o
23 -16.53 -14.57 1.11 0.909 1.18 -20.52 ®
30 -6.89 -11.086 -3.66 -6.31 -1.28 -5.53 80N
23 -2.62 -16.86 -9.91 -15.75% -11.69 -7.33 =
10 -13.80 -12.98 -8.11 -13.11 -3.753 -20.65 )
15 -14.76  -1£.86 = -14.88  -18.30 -8.26 -5.93 s
50 -12.21  -21.22 © -24.96 -25.19 | -17.30  -22.52 s,
55 -19.70 -25.41  -23.39 -25.31 -11.19 -19.59 P
60 -13.55 -24.75 . -21.386 -36.52 -9.85 -10.08 b&
65 -26.59 -21.80 | -25.55 -22.05 -37.22 -11.25 e
70 -19.02 -28.81 = -27.01 ~-27.07 -17.25 -17.77 .
75 -22.60 -29.77  -=32.11 -23.186 -21.17% -19.83 ~
80 -30.43 -20.38  -22.67 -33.56 -28.18 -31.13 oy
85 -30.39 -36.02 | -33.05 -39.75 -28.15 -30.60
oo, 99 -31.78 -12.17 -20.36 -28.79 -99999 -99999
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— GAUSSTAN SURFACY B1W, ATANCE) = 25 des
TABLE E. 19
<RCS>/Area in dBsm
Gaussian =10 Flat
atan(s)>=5 : atan(s)=25

sng |TRRTE RIS ey L Ly

C 19.238 21.88 10.69 1.81 36.20 16.08

5 13.24 20.54 1.47 -7.37 10.33 5.61%
10 -31.32 -2.17 53.47 0.32 8.73 T.54
i3 -8.52 -7.78 5.35 -2.3 6.25 6.13
2N -10.80 -14.66 8.50 1.00 3.74 -3.96
23 -22.430 -14.91 6.78 1.983 1.18 -20.52
30 -16.853 -29.63 4.25 1.62 -4.28 -5.54
33 -13.97 -15.45 -22.71 -0.87 -11.69 -7.33
10 -17.89 -21.25 -7.07 -23.54 -3.75 -20.63
135 -21.54 -30.89 -29.34 -33.15 -8.26 -3.93
50 -16.54 -19.83 -25.23 -16.39 -17.30 -22.52
33 -21.14 -22.65 -17.69 -27.08 -14.49 -19.59
60 -17.69 -22.93 -26.03 -25.69 -9.85 -10.08
65 -22.76 -26.75 -27.32 -35.36 -37.22 -11.25
70 -17.25 -24.37 -20.61 -23.81 -17.25 -17.77
73 -20.14 -39.39 -21.03 -20.26 -21.47 -19.83
80 -32.68 -18.68 -22.89 -27.32 -28.48 -31.13
85 -26.87 -31.20 -18.86 -20.67 -28.15 -30.60
30 -12.33 -35.37 -28.70 -20.78 -99999 -99999
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Exponential =01 Flat
atan(s)=5 : atanidis)=205
ang |TREIERNE S S Rl R T o
]
0 18.97 20.71 ? 5.69 0.63 36.20 16.08
5 3.87 1.213 2.20 -7.82 10.55 5.64
10 8.42 1.3 10.03 -16.53 8.73 T.51
15 0.03 -1.10 -14.36 .37 6.25 6.13
20 -1£.50 -1.623 1.62 -8.13 3.74 -3.96
25 -9.17 -15.38 ¢ -1.861 -3.66 1.18 -20.52
30 -8.938 -14.18 © <-31.76 2.51 -3.28 -5.54
35 -13.16 -38.60 | -0.82 0.96 -11.69 -7.23
30 -17.31 -31.93 1.00 1.03 -3.75 -20.65
13 -27.69 -23.44 2.36 0.18 -8.26 -3.92
30 -15.23 -21.01 = =2.3 -8.67 -17.30 -22.3¢0
53 -18.973 -21.68 . -11.39 -22.60 -14.19 -19.3°
£0 -20.00 -24.32 . -27.06 -23.50 -9.85 -10.08
63 -23.29 -32.61 . -19.50 -21.97 -37.22 -31.25
70 -19.18 -26.82 . -21.21 -27.95 -17.23 i
75 -22.69 -29.50 : -23.58 -20.08 -21.437 -19.83
80 -29.21 -18.16 : -19.73 -25.01 -28.48 -31.13
85 -27.51 -30.18 { -31.17 -25.06 -28.153 -30.60
. 90 -38.22 -35.05 | -232.79 -20.57 -99999 -99999
l-':~
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IXFONENTTAL SUNFACY 02, RTANCS) = 395 des

Y
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TABLE E.12 N
o,
e(, <RCS>/Area in dBsm *
pe .
a__
Exponential =02 Flat ::
e 3EANCS B Oan sy =S rod
Ang hk=5 hk=27 | hk=16  hk=83 k=114 k=357 4
lr B
0 1.92 11.15 i 5.03 -1.26 36.20 16.08 "
5 16.18 18.05 2.27 1.03 10.53 5.61 s
10 8.71 -2.11 -14.91 1.62 8.73 7.54 .
15 -9.18 -8.92 7.26 -2.98 6.25 6.13 :;
20 -9.69 -10.68 6.40 1.27 3.74 -3.96 e}
25 -10.01 -16.48 -0.17 -2.76 1.18 -20.52 o
30 -15.09 -19.96 5.01 -0.13 -1.28 -5.51 %,
35 -10.25 -20.75 6.76 6.10 -11.69 -7.3 e
10 -25.81 -23.04 | -3.28 5.21 -3.75 -20.65 o
iz -16.61 -30.81 . -2.33 1.14 -8.26 -5.92 0
50 -21.21 -22.36 i -11.05 -11.22 -17.30 -22.52 v
53 -22.23 -27.80 @ -20.27 -18.03 -11.19 -19.59 :
60 -17.26 -25.03 . -1€.15 -19.45 -9.85 -10.08 A
55 -28.91  -27.18 © -15.28  -29.14% | -37.22  -11.25 ~
70 -23.03 -28.18 | -33.03 -22.25 -17.25 -17.77 ;;
T3 -21.91 -37.67 | -24.81 -27.286 -21.47 -19.83 ot
80 -27.33 -25.97 . -32.36 -26.11 -28.18 -31.13 !
85 -26.55 -39.14 | -20.38 -28.06 -28.153 -30.60 .
= 90 -38.37 -32.70 : -23.83 -29.16 -99999 -99999 T
) e
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BPSHENTTAL TURFACZY 83, ATANCS) = 215 des
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TABLE E.13 S
“h: (RCS>/Area in dBsm :
Exponential 503 Flat ~
o...@tants>=5 . atan<s)=25 N
Ang hk=5  hk=27 | hk=t1é hk=83 k=114 k=357 S
%
0 22.52 22.25 © -0.02 11.71 36.20 16.08 3
5 18.13 12.19 5.31 0.98 10.55 5.64 4
10 1.23 0.33 8.72 -3.014 8.73 7.51 ;
15 -6.58 -7.78 1.43 1.14 6.25 6.13 "
20 -7.73 -13.10 -1.60 -8.99 3.74 -3.96 N
25 -20.14 -10.21 5.79 3.83 1.18 -20.52
30 -21.87 -22.98 2.61 2.94 -3.28 -5.53 X9
35 -31.18 -12.22 1.20 1.22 -11.69 -7.3 )
10 -22.62 -15.07 : -2.38 3.89 -3.75 -20.65 !
15 -26.77 -19.31 : -9.62 -21.66 -8.26 -5.93 )
50 | -19.14 -20.36 = -8.46 -24.16 | -17.30 -22.52 i
55 -38.55 -28.51 | -30.94 -25.82 -13.49 -19.59 -
60 -19.83 -21.14 © -17.10 -16.55 -9.85 -10.08 2
65 -22.37 -29.15 | -9.77  -24.15 | -37.22  -341.25 -
70 -15.72 -32.31  -21.99 -16.53 -17.25 -17.77 R
75 -19.01 -29.61 | -21.26 -21.19 -21.37 -19.83 RS
80 -30.53 -18.51 -36.10 -30.14 -28.48 -31.13 ¢
85 -23.31 -10.38  -12.12 -32.00 -28.15 -30.60
A 90 -28.79 -28.91 = -14.:28 -11.35 -999399 -99999 7
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TABLE E. 14 .o
‘-.:, )
ea <RCS>/Area in dBsm E"
3
_ R
Exponential =04 Flat %
e 8kOnNS)=S L avanCs)=20 | Y
Ang hk=5 hk=227 | hk=16 hk=83 k=114 k=357 o
| - N
|
0 20.87 19.08 : 5.38 1.80 36.20 16.08 2¢
5 16.13 2.80 | 2.861 0.10 10.55 5.64 3
10 1.456 0.03 | 7.10 -3.11 8.73 T.54 )
15 -8.19 -5.61 6.01 -3.02 6.25 6.13 S
20 -8.52 -20.11 { 2.31 -1.73 3.74 -3.96 R
23 -12.16  -22.09 @ -2.23 1.62 1.18  -20.52 >
30 -11.88 -18.10 @ -1.20 -5.84 -4.28 -5.54 e
35 -24.03  -38.99 . 8.15 8.07 | -11.59 -7.33 o
10 -23.33 -28.20 1.51 2.04 -3.75  -20.65 e
13 -21.66  -29.79  -13.01 -19.71 -8.26 -5.92 s
50 -24.41  -26.96 . -37.23  -25.01 | -17.30  -22.52 4
53 -20.87  -30.13 | -16.20 -23.14 | -14.49  -19.59 ®
60 -27.83  -40.32 | -20.62 -34.67 -9.85  -10.08 -
65 -22.09  -39.75 | -22.92  -36.49 | -37.22  -41.23 Qg
70 -22.71 -234.9%  -35.08 -23.44 | -17.25  -17.77 NN
75 -25.59  -32.27 | -28.65 -37.61 | -21.17  -19.83 o
80 -34.21  -38.39 . -31.40 -27.73 | -28.48  -31.13 N
85 -31.68  -42.19 . -28.24  -27.97 | -28.15 -30.60 »
.gg 90 -33.25  -28.27 | -19.23  -13.83 | -98939  -99999 3
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TABLE E.17 I
‘;’ <RCS>/Area in dBsm :
b
%
[— Euponential =03 1 Fiat 3
i atgnis )= L 2= L0 :.:\
R B e e <
g | bt
0 16.92 15.14  4.89  -1.18 36.20  15.08 -
5 19.02 14.87 0.01 -1.24 10.53 5.64 )
10 3.16 3.553 -7.49 -1.89 8.73 7.54 4
15 -3.31 -7.91 -2.22 0.93 6.25 6.13 N
20 -10.77 -18.29 1.95 2.77T 3.74 -3.96 .
23 -13.74  -39.03 -1.58 771 1.18  -20.52 ,
30 -13.72  -22.27 1.69 -0.72 -3.28 -3.31 x5
5 -13.03  -20.62 -1.16 -3.34 | -11.69 -7.33 I
19 -21.86  -20.32 -6.80 -11.76 -3.75  -20.85 S?
3: -1A.27  -26.17 -3.41 -1.82 -8.26 -5.92 )
50 -17.82  -22.96  -11.13  -15.16 | -17.30  -22.52 N
55 -25.356  -28.26  -13.35 -17.59 | -14.49  -19.59 )
60 -37.33  -22.09 © -17.39  -29.532 -9.85  -10.08 Lo
53 -19.96  -23.07 . -18.26  -23.26 | -37.22  -41.25 "
70 -32.70  -22.62  -22.9%  -21.38 | -17.25  -17.77 RS
73 -41.57 -32.67 . -19.06 -17.88 | -21.47 -19.82 N
80 -24.83  -30.32 . -19.03  -37.60 | -28.48  -31.13 o
85 -31.52  -27.36 . -19.26  -30.37 | -28.13  -30.60 )
S L 90 -29.71  -29.62 . -15.16  -15.27 | -99999  -99999 | 7
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Q‘-‘; <RCS>/Area in dBsm

L

Exponential =06 Flat o
atanits)=3 : atan(s)»)=23 o

ng | e el T e 3

! e

0 23.18 21.23 | -4.07 7.50 36.20 16.08 2

5 9.97 10.45 11.43 6.56 10.55 5.64 o

10 8.51 0.12 11.85 11.04 8.73 7.5 i
15 -3.39 -2.92 . 3.36 10.19 6.25 6.13 S
20 -11.13  -11.86 .  2.49 5.42 3.74 -3.56 o
25 -11.91 -17.71 . =-9.31 -3.47 1.18  -20.52 .

30 -25.57  -18.31 . -1.36 0.37 -1.28 -5.51 3

33 -14.06  -22.60 = -4.21 -1.20 | -11.69 -7.33 o
10 -17.% -25.18 = -7.65 -16.74 -3.75  -20.63 s
15 -12.12  -35.93 -6.82 -5.32 -8.26 -5.93 o
50 -15.38  -29.64 . -5.48 -1.63 | -17.30  -22.52 N
55 -17.46  -28.68 | -13.74  -12.16 | -14.49  -19.7 >

60 -16.83 -28.46 . -16.80 -21.03 -9.85 -10.08 A
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75 -23.54 -25.31 . -20.49  -29.32 | -21.47  -12.83 A,

| 80 -26.29  -20.85 . -22.91  -29.97 | -28.48  -31.13 My
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b
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(RCS>/Area in dBsm

.

X

%
-

Exponential =07 Flat nO
atan(s) =3 ) qtan( s =275 o~
k=35 1k = . T k= = = =357 "
-\ng b k hks2 i hk=16 hk=83 k=114 k=3 g
0 T.68 17.38 0.73 -5.50 36.20 16.08 ¢!
5 0.77 14.07 1.16 -1.89 10.35 5.643 )
10 2.21 1.75 -1.32 -0.2 8.73 T.34 o
13 -3.19 -6.71 -15.47 2.3 6.25 6.13 DA
20 -10.97 -14.51 3.00 3.50 3.74 -3.9¢ P
23 -9.58  -23.16 2.91 -5.39 1.18 -20.52 e
30 -13.04 -13.28 -9.73 -1.83 -1.28 -5.54 o
5 -19.18  -23.57 -5.55 -1.67 | -11.69 -7.33 '
10 -31.76  -16.78 -8.03 -14.538 -3.73 -20.63 -
i3 -28.30 -27.13 -25.95 -25,22 -8.26 -5.32 3
50 -14.74  -20.80 . -16.63 -38.61 | -17.30  -22.5C .
35 -18.61 -21.26 . -15.26 -26.28 | -14.349  -19.59 o~
60 -32.00  -19.30 . -21.75 -32.71 -9.85 -10.08 .
63 -18.37 -28.34 | -21.63  -34.25 | -37.22 -11.25 .
70 -23.42  -31.21  -26.7% -23.84 | -17.25 -17.77 e
75 -26.04 -33.27 -21.83  -29.63 | -21.47 -19.83 N
80 -25.68  -23.80 | -21.74 -25.94 -28.148 -31.13 -
85 -29.91 -41.39 : -22.89 -18.96 | -28.15  -30.60 w
90 -34.30 -29.81 . -19.77 -15.27 -99999 -99999 )
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' ...IJL‘]n( s )’5 . c'l‘Jr‘\ > )“.l—) .. ..
\ Ang ok =7 hk =27 k=] A ik =3 3 k=114 k=15
3
RN B T 19,16 8.0 -3.77 36.20 16.08
z ] 12.19 13,11 9! N6 10.53 5.64
10 -19.76 }.92 -2.01 6.97 | 8.73 T.51
J 15 -10.23 -3.97 5.63 2,18 6.25 6.13
v 20 -13.59 -16.18 -3.30 -0.933 3.74 -3.36
23 -3.8% -18.90 2.5 1.51 1.18 -20.32
30 -12.35 -16.58 3.92 5.95 -1.28 2.5 |
h o -2%.148 0 -20.9) 3.52 .04 | -11.89 -7.32
10 -114.65 -16.87 -2.32 -2.7¢6 -2.73 ~20.87
, S -20.50 0 =201 -5.07  -17.22 -8.26 R
\ 50 -20.07 -19.2 -14.38 -13.086 -17.30 -22.::2
35 -37.82 -26.12 -20.59 -25.29 -14.19 -13.59
60 -13.25 -24.91 . -11.88 -20.62 -9.85 -10.08
653 -27.27 -33.37 -23.34 -33.22 -37.22 -31.23
TC -18.28 -29.89 -17.07 -35.02 -17.25 1T TT
75 -21.75 -34.30 : -26.30 -29.57 -21.437 -19.83
80 -28.86 -23.359 -28.23 -24.87 -28.18 -31.13
83 -26.939 -35.04 -25.74 -22.38 -28.153 -30.50
s 90 -31.12 -31.01 °~ -17.28 -15.83 -9999 -99999
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TABLE E.19

<RCS>/Area in dBsm

AERRORGABAN LY

Exponential =09 Flat
atan(s)=5 atan(s)y=23
g | oLty S UL SN B . A
|
0 21.06 22.11 j 6.59 15.15 36.20 46.08
5 16.31 15.73 6.28 -18.36 10.55 5.61
10 -3.22 0.26 2.93 1.78 8.73 7.51
15 -3.87 -11.014 -0.12 -14.89 6.25 6.13
29 -1.ER -10.52 -31.70 -6.1 3.71 -3.96
o3 NS -3.33 3.20 -1.08 1.18  -20.52
30 -16.10 -14.186 -6.25 -1:.31 -1.28 -5.51
2 -23.30 -141.28 -7.60 -10.31 -11.69 -7.23
] 10 -11.56 -18.153 -19.78 -19.90 -3.753 -20.65
L 3T -17.a% -18.15 -13.19 -21.92 -8.26 -5.93
50 -21.69 -23.75 -21.52 -32.51 -17.30 -22.52
:3 -26.753 -22.89 -20.51 -26.18 -13.19 -19.59
60 -14.73 -25.37 -29.25 -23.10 -9.85 -10.08
65 -22.17 -28.13 -23.03 -25.82 -37.22 -11.25
70 -17.61 -26.87 -21.06 -21.30 -17.25 -17.77
75 -21.03 -21.8? -21.62 -20.61 -21.47 -19.83
80 -25.75 -21.62 -28.56 -30.58 -28.18 ~31.13
85 -30.72 -33.95 -38.19 -25.586 -28.15 -20.60
o 90 24,72 -32.61 -20.27 -19.90 -99999 -99999
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TABLE E.20

Y CRCS>/Area in dBsm

SAE
°

EN Exponential =10 Flat

yhg e A A S B A S S e

va Ang hk=5 hk=27 k=16 hk=83 k=113 k=357

: -+

o 0 16.48 15.61 0.92 -5.37 36.20 16.08

N 5 12.64 1.54 -3.17 1.41 10.55 5.64

- 10 9.60 10.59 -16.12 3.03 8.73 7.5

5 13 -2.51 -5.35 -14.47 6.07 6.25 6.13

o 20 -3.75 -12.59 0.38 .41 3.74 -23.95

A 23 -1.87 -10.92 -10.55 2.35 1.18 -20. 50
20 -10.11 -15.93 -13.76 -7.11 -1.28 -5.31

5 3z -26.71 -19.43 -14.09 -12.93 -11.69 -7.22

. 10 -12.23 -19.58 -8.35 -29.93 -3.75 -20.F%

™~ 1T, -13.20 -20.21% -0.50 2.87 -2.2¢ -5.32

~ N R I T L 1 -6.7¢ I1.43 | -17.30  -ooosn

. I R e N -31.87% -12.30 -20.72 -14.19 -13.2¢
%! -241.3% -22.903 -12.€2 -16.17? -2.85 -10.0n% i

s 65 -331.82 -30.00 -13.98 -25.39 ~37.22 -31.2°%

K. 70 -22.79 -24.19 -30.77 -29.33 -17.25 -17.77

‘5 75 -23.33 -24.80 -26.10 -28.15 -21.17 -19.82

; 80 -27.91 -30.60  -21.27 -33.22 -28.4R% -21.12 '

. 85 -26.16 -21.07 -25.13 -21.81 -28.15 SR
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